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ABSTRACT 
The effects of genotype, developmental stage, and drying environment on the 
acquisition of desiccation tolerance were characterized in two maize {Zea mays L.) 
inbreds differing in sensitivity to high temperature (HT) desiccation, A632, tolerant, and 
B73, sensitive. Ears harvested periodically were dried: at room temperature (Rm); in 
thin-layer dryers (TL) at 25°C (TL25), 35°C (TL35) or 45°C (TL45); or in high relative 
humidity (HRH). In all treatments, axis moisture content (mc) decreased more slowly 
than that of whole seed and equilibrated to a higher final mc. Increasing warm and cold 
germination percentages and seedling dry weights (SDW), decreasing shoot to root 
ratios (S:R) and conductivity measures and respiration indicated tolerance acquired in 
Rm material at 15 days after pollination (DAP) but not to HT imtil 30DAP in A632 and 
40DAP in 373. Sucrose and raffinose content increased differentially in A632 relative 
to B73 during development and drying. Concentration of non-heat-denatured protein 
was greater in A632 and increased in response to drying earlier in development than in 
B73. In vivo incorporation of p^S]-methionine/cysteine into soluble, non-heat-denatured 
embryo protein was greatest at 20DAP and in response to TL drying. Bands at 24 to 27 
kDa were prominent in all treatments except 0 h; HT induced unique bands at 98, 78, 
60, 45 and 40 kDa in A632 and 91, 68 and 43 kDa in B73. 
The effects of sample geometry and air velocity on drying rate and subsequent 
seed quality were investigated using a susceptible genotype, B73X(H99xH95). Ears 
were harvested periodically, dried or hand-shelled and individual seed dried at TL25, 
TL35, TL45, Rm, or HRH, or (seed only) in a fluidized bed (FB) at 25° or 35°C. 
Drying times varied from ~4 h in FB to ~70 h in TL to ~300 h at RM. Germination 
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was generally improved with decreasing drying rates. Warm germination SDW were 
responsive to drying temperature while cold test SDW, S:R and conductivity were not 
significantly different among treatments except for FB. Incomplete alignment of lipid 
bodies observed along the plasmalemma in FB material may effect the rate of moisture 
loss and regulation of water uptake during imbibition, resulting m substantial leakage 
and reduced seed quality. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The acquisition of desiccation tolerance and subsequent seed viability and vigor 
are influenced by a wide array of factors. Genotype, developmental stage, drying 
environment and interactions among them are primary factors defining the capacity for 
tolerance to desiccation. In addition, changes in composition of macromolecular 
constituents and membrane properties that occur during natural or imposed maturation 
drying are proposed to contribute to the mechanisms of tolerance, particularly to 
membrane and cytosolic stabilization. In this context, the acquisition of desiccation 
tolerance and assurance of high seed quality become in large part dependent upon the 
interaction of the physiological status of the seed and individual elements of the drying 
environment In maize seed production, the interaction of genotype and growing 
conditions in the seed field impacts the rate of physiological development of seed and 
their consequent metabolic and compositional status at harvest. The physiological stage 
of development, including metabolic and synthetic capacity, macromolecular 
composition and moisture content at harvest, is further modified by the imposition of 
post-harvest drying treatments. 
More information is needed regarding the impact of imposed drying treatments, 
particularly drying rapidly and at high temperature, on seed quality. The requirement 
for drying maize seed harvested at high moisture to assure high quality seed presents the 
seed producer an array of concerns. Foremost of which is that the seed have acquired 
tolerance to the conditions of desiccation, that is, the seed possess the capacity to 
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produce a normal, vigorous seedling subsequent to drying. Thus, a study of 
compositional and synthetic changes associated with seed quality in response to imposed 
drying treatments in genotypes differing in sensitivity to high temperature drying may 
provide usefiil information. Such information should also further our understanding of 
the physiological basis of the mechanisms of desiccation tolerance. 
Dissertation Organization 
This dissertation consists of a general introduction, literature cited, three papers 
and a general conclusion. The papers will be submitted for publication to Crop Science, 
Seed Science Research and Crop Science, respectively. Senior author on the papers is 
the doctoral candidate, J. M. Peterson. Second author of each paper is Dr. J. S. Burris, 
and third author on the third paper is J. A. Perdomo. Because two of the papers report 
separate aspects of a single study, data presented in one that is relevant to the second is 
referred to by chapter and table in the second. Additional mformation pertaining to the 
studies reported in chapters two and four are presented in the Appendix. 
Literature Review 
Desiccation tolerance describes those properties that enable a seed to withstand 
the loss of water from cells, survive in the dry state, and subsequently imbibe, germinate 
and produce a normal seedling. Many seed undergo the transition &om desiccation 
intolerant to tolerant approximately midway through development and preceding or 
coincident with reserve deposition (Kermode et al., 1989; Hong and Ellis, 1992). 
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Changes that occur during and following that transition with respect to messenger RNA, 
proteins, abscisic acid (ABA), soluble carbohydrates and lipid composition in embryo 
and embryonic axis tissue have been characterized in a nimiber of species (Bewley and 
Black, 1994; reviewed in Leprince et al., 1993). Studies of these changes during natural 
maturation and comparison with changes following imposed drying treatments and 
subsequent germinability have been useful tools in identifying and understanding the 
mechanisms of desiccation tolerance. 
Reviewed in this section are changes in macromolecular composition that occur 
during development and their contribution to the proposed mechanisms by which seed 
survive desiccation. 
In an early study of the transition from desiccation intolerance to desiccation 
tolerance in Phaseolus vulgaris, Dasgupta, et al., (1982) found that coincident with 
acquisition of desiccation tolerance seed gained the capacity to germinate upon 
rehydration. They proposed that drying was a requirement for the termination of 
developmental processes and the initiation of metabolic processes required for 
germination. Rosenberg and Rinne (1986) studied moisture content (mc) loss and 
germinability in soybean. Seed harvested and planted immediately did not germinate 
and produce normal seedlings until the moisture content had fallen below 60% which 
occurred 63 days after flowering (DAF). However, seed as young as 35 DAF could be 
induced to germinate if artificially dried to below 60% mc. Similarly, le Deunff and 
Rachidian (1988) found in pea (Pisum sativum L.) improved germination coincident 
with maturation drying. 
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The consequences of moisture content loss on physiological processes has been 
studied in terms of water relations by Leopold and Vertucci (1989) and Vertucci (1989). 
They reported increased levels of metabolic activity in seed including oxygen uptake, 
enzymatic activity, mitochondrial and photosynthetic electron transport and dormancy 
breaking associated with increasing levels of hydration. Vertucci and Leopold (1987a) 
used water sorption isotherms to characterize the binding status of water present in seed. 
They described three regions of water binding that could be classified by the strength 
with which the water binds and the nature of binding site. A comparison of the water 
sorption isotherms for seeds that were tolerant and seeds that were intolerant to 
desiccation showed that seed tissues that were sensitive to desiccation had a poor 
capacity to bind water tightly. They concluded that the strength by which water could 
be bound is an important component of desiccation tolerance. Water binding strength of 
tissues has been characterized in a number of species and has been related to changes in 
macromolecular composition during maturation (Vertucci and Leopold, 1987b). 
Changes in messenger RNA synthesis associated with changes in protein 
synthesis in castor bean and Phaseolus vulgaris during maturation drying were reported 
by Bewley et al., (1989). Similar changes could be induced in immature seeds in 
response to a minimal moisture loss during imposed drying treatments, but not in 
immature seeds placed immediately to germinate without drying. In addition to 
transcriptional changes, post-transcriptional degradation of residual mRNAs associated 
with development increased in minimally dried seed. The authors suggested that a 
period of separation from the influence of the maternal environment with some moisture 
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loss may be sufficient to elicit the switch in metabolic activity from development to 
germination. 
Accumulation of transcripts (Dure et al., 1981) and regulation of transcriptional 
changes (Galau et al., 1987) during embryogenesis and germination were investigated in 
cotton embryos. Many of the transcripts were found to be transcribed from I to 3 genes 
and were ABA-induced. The transcripts were termed /ate embryogenic abundant, or 
lea, and the loci encoding them as Lea loci (Galau et al., 1986). Coordinated 
expression and accumulation of homeologous transcripts of these multi-gene families 
were demonstrated during embryogenesis and germination (Galau and Hughes, 1987; 
Galau et al., 1987). With that information they attempted to identify and stage major 
programs of gene expression during late embryogenesis with respect to developmental 
and environmental regulatory factors (Hughes and Galau, 1991). Hughes and Galau 
claimed their data did not identify any role for desiccation as Dasgupta et al., (1982) 
had proposed in the control of gene expression or the quality of germination, and, 
rather, proposed that pre-desiccation-stage embryos are mature before they desiccate. In 
their model, Hughes and Galau (1991) proposed the maturation program is followed by 
a post-abscission (post-severance from maternal influence) stage prior to becoming 
germinable. The post-abscission program can be terminated earlier only by imposed 
drying treatments. Further, they suggested that for an embryo to survive the drying 
treatment, that is, for the post-abscission program to be successfully terminated, a 
critical concentration of one or more of its encoded proteins must be achieved. 
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Quantitative and qualitative changes in protein synthesis (not storage protein) in 
embryo tissues associated with maturation have been characterized in many species 
including maize (Sanchez-Martinez et al., 1986; Bochicchio et al., 1988; Boothe and 
Walden, 1990; Oishi and Bewley, 1992; Peterson, 1993), soybean (Rosenberg and 
Rinne, 1988; Blackman et al., 1991), castor bean (Kermode and Bewley, 1986), barley 
(Bartels et al., 1988; Jacobsen and Shaw, 1989), rice (Bradford and Chandler, 1992), 
cotton (Baker et al., 1988; Galau et al., 1993) and taxa of Aceraceae and Gramineae 
(Gee et al., 1994). Many, if not most, of these "maturation proteins" have also been 
found to be ABA-inducible and immunologically related to a family of Lea proteins. 
Close et al., (1989) compared the cDNA nucleotide sequences of dehydration-
induced proteins (termed "dehydrins") in barley and maize. Each protein was described 
as extremely hydrophilic, non-heat-denatured, glycine-rich, cysteine- and tryptophan-free 
and possessed of repeated units in a conserved, linear order. A lysine-rich, repeating 
unit was identified as occurring twice in each protein, one unit adjacent to a string of 
serine residues. The dehydrin found in maize was determined to be 17 kDa in size by 
its cDNA. Antibody raised to a conserved sequence of the maize dehydrin cDNA has 
been used by many workers to identify related proteins. 
Bradford and Chandler (1992) investigated "dehydrin-like" protein expression in 
embryos and seedlings of wild rice (Zizania palustris) and paddy rice {Oryza sativa) 
during dehydration. Seedlings and axes of Zizania were intolerant of desiccation at low 
temperature, unlike paddy rice, but did accumulate proteins immunologically related to 
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the dehydrin protein, as did paddy rice. The authors concluded that intolerance was 
apparently not due to absence of dehydrin-like protein. 
In a series of studies examining gene expression and protein synthesis in 
developing maize embryos, proteins at 23 to 25 kDa were found to be highly inducible 
by desiccation (Sanchez-Martinez et al., 1986) and ABA-regulated (Pla et al., 1989). 
Goday et al., (1988) identified acidic forms of the 23 to 25 kDa protein and found those 
acidic forms due to post-translational phosphorylation. cDNA clones were recovered 
and used by Vilardell et al., (1990) to isolate the gene which they termed RAB-17 
(responsive to ABA). The deduced molecular weight of 17 kDa is smaller than that 
predicted from mobility on SDS-PAGE of 23 to 25 kDa. Vilardell et al., (1990) then 
investigated the pattern of developmental expression and in vivo phosphorylation of the 
RAB-17 protein and found seven of the eight serine residues of the deduced 17 kDa 
protein were phosphorylated during development. They cited a proposed model of ABA 
action (involving calcium as a second messenger which would modiilate ABA-induced 
responses leading to activation of a protein kinase) (Owen, 1988; Napier et al., 1989) 
which would result in phosphorylation of proteins. A subsequent study demonstrated 
RAB-17 was a substrate for casein kinase 2 in vitro and in vivo (Plana et al., 1991). 
The implications of protein phosphorylation with respect to desiccation tolerance 
mechanisms are discussed later in this review. 
Because the endogenous concentration of ABA does change during development 
(Jones and Brenner, 1987; Morris et al., 1991), and in response to water deficit and 
other stresses, a number of studies have investigated the influence of changing 
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endogenous ABA levels on protein sjoithesis. In immature embryos, ABA levels 
reduced by desiccation (Sanchez-Martinez et aL, 1986; Oishi and Bewley, 1990; Oishi 
and Bewley, 1992) or by treatment with an ABA synthesis inhibitor, fluridone (Oishi 
and Bewley, 1990), induced the same sets of protein that were induced late in 
maturation in maize and in castor bean (Han and Kermode, 1996). 
The role of ABA in gene expression during seed development has been 
demonstrated in a number of studies (King, 1976; Finkelstein et aL, 1985; Mundy and 
Chua, 1988; Williamson and Quatrano, 1988; Xu et al., 1990; Williams and Tsang, 
1991; Bostock and Quatrano, 1992; Meurs et al., 1992; Thomann et al., 1992; Ooms et 
al., 1993; Rao et al., 1993; Williams and Tsang, 1994) and is clearly an important factor 
in the regulation of aspects of desiccation tolerance (Quatrano, 1986; Skriver and 
Mundy, 1990; Giraudat et al., 1994). In ABA-inducible genes that have been 
sequenced, a conserved sequence in the promoter region has been identified that is 
required for the ABA response (Marcotte et al., 1988; Marcotte et al., 1989). In 
addition, nuclear proteins have been isolated that bind to conserved elements in the 
ABA-responsive promoter region of the Rab gene in rice (Mundy et al., 1990) and in 
wheat (Guiltinan et al., 1990). Xu et al., (1996) have demonstrated expression of a 
barley Lea gene, HVAl, transformed into rice that confers tolerance to water deficit and 
salt stress proportional to the ABA levels supplied. 
Soluble carbohydrate compositional changes in relation to acquisition of 
desiccation tolerance during development have been studied in maize (Bochicchio et al., 
1994; Brenac et al., 1997), soybean (Blackman et al., 1991), Brassica campestris 
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(Leprince et al., 1990), wild rice and paddy rice (Still et al., 1994) and wheat (DufEus 
and Binnie, 1990). Bochicchio et al., (1994) reported desiccation tolerance acquired in 
16 and 18 DAP embryos excised prior to slow drying associated with an increase in 
rafBnose from imdetectable to detectable levels and stable sucrose levels. They also 
reported desiccation tolerance in rapidly dried embryos though with no associated 
increase in raffinose, and therefore questioned the role of rafSnose in desiccation 
tolerance. However, as Brenac et al., (1997) pointed out, the criterium for assigning 
desiccation tolerance used by Bochicchio et al., (1994) of radicle rupture is not 
necessarily consistent with that used by other workers, and makes comparison of data 
difficult. 
Brenac et al., (1997) conducted a thorough analysis of soluble carbohydrate 
changes in maize embryos beginning at 14 DAP through 86 DAP in response to 
different rates of drying and correlated findings with desiccation tolerance in terms of 
germinability. Sucrose was found to accumulate independently of desiccation tolerance 
and raffinose accumulation was associated only with survival after drying but not with 
desiccation tolerance, although desiccation tolerance was not observed in the absence of 
raffinose. They reported that desiccation tolerance was associated with sucrose to 
raffinose mass ratios of less than 20:1 and full desiccation tolerance with sucrose to 
raffinose mass ratios of less than 10:1. 
Still et al., (1994) studied sucrose accumulation during development in wild rice 
and paddy rice embryos and found the desiccation sensitivity displayed by wild rice 
embryos was not limited by sucrose content as wild rice accumulated twice that of the 
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tolerant paddy rice. A minimal increase in oligosaccharides was measured, but the 
identities were not resolved. 
Chen and Burns (1990) found increasing raffinose to sugar ratios in maize in 
response to a preconditioning process which were highly correlated with increased 
germination and reduced conductivity and sugar leakage. Preconditioning consisted of 
drying high moisture maize at a relatively low temperature so that there was little loss 
of mc prior to drying at high temperature. Compositional changes measured during 
preconditioning were associated with tolerance to drying at a higher temperature. The 
authors suggested that compositional relationships of soluble sugars rather than absolute 
content may be important to desiccation tolerance. 
Low sucrose to raffinose mass ratios were also correlated with increased seed 
longevity by Beraal-Lugo and Leopold (1992). Horbowicz and Obendorf (1994), in a 
survey of the relationship of desiccation tolerance and soluble carbohydrates and 
storability in nineteen species, found a low mass ratio of sucrose to oligosaccharide 
highly correlated with longevity. They also found that in place of raffinose or 
stachyose, some seeds accumulate galactinol and galacto-c/zzro-inositol, which the 
authors speculated may function in the same role in facilitating desiccation tolerance. In 
a study of soluble carbohydrate content in maize seed and differences in viability 
following lengths of storage time, Ovcharov and Koshelev (1974) found appreciable 
amovmts of sucrose and raffinose but no fiiictose or glucose in seedlots with 96% to 
12% germination. In nonviable seedlots, only fhictose and glucose were detected. 
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In analyses of soluble sugar content and loss of desiccation tolerance in axes of 
germinating soybean, pea and com, Koster and Leopold (1988) showed that sucrose and 
larger oligosaccharides, including rafSnose, stachyose and verbascose, were consistently 
present during tolerant stages and desiccation tolerance disappeared as oligosaccharides 
decreased. 
Studies of changes in lipid composition associated with desiccation tolerance 
have focused on bilayer configuration, membrane phospholipids (PL) and fatty acid 
composition. Seewaldt et ai, (1981) demonstrated by x-ray diffraction that dehydrated, 
cellular membranes of mature soybean seed existed in a lamellar (bilayer) configuation. 
That maintenance of the bilayer structure was critical to its function as a selectively 
permeable barrier, particularly upon imbibition, was posed by Simon and Raja Harun 
(1972), with disruption of the bilayer resulting in substantial leakage of cellular contents 
and cell death. 
The relative composition of membrane PL confers characteristic phase transition 
temperatures (T^J, that is, the temperature at which the membrane lipid bilayer may pass 
from liquid, crystalline to a gel phase or vice versa (Chapman et ai, 1967). Membranes 
are physiologically active in the liquid, crystalline state and in desiccated tissue may 
exist in the gel state. In studies with pollen, Crowe et ai, (1988) found that the 
transition temperature for PL varied with water content. Lower than expected T^, were 
found for dry pollen due to high concentrations of sucrose which was consistent with 
depression of T^, of dry PL by addition of sucrose and trehalose (Crowe et al., 1984a; 
1985). 
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Sensitivity of soybean axes to desiccation was shown in the reduction of total 
PL, the production of FFA and the subsequent formation of gel phase domains in the 
membrane bilayer when exposed to free radicals or severe desiccation (Senaratna et al., 
1987). Though no change was found in the ratio of major PL, the total concentration 
was reduced. These alterations in membrane properties in response to desiccation were 
not produced in tolerant axes. Similarly, increased amounts of FFA were correlated 
with desiccation injury in germinating maize radicles (Leprince et al., 1992) 
Chen and Burns (1991) examined membrane stability in maize embryos during 
preconditioning and high temperature drying. They found a change in the ratio of major 
PL and FA saturation in response to preconditioning associated with decreased 
membrane phase transition temperature. Improved membrane stabilization with 
preconditioning was evidenced by decreasing electrical conductivity of leachate and 
increasing germinability. 
Working with somatic carrot embryos rendered desiccation intolerant by fast 
drying, Tetteroo et al., (1996) observed a 20% decrease in phospholipid (PL) content 
and increased free fatty acid (FFA) content that was not observed in slow dried, 
germinable embryos. They analyzed membranes by freeze fracture and found in the 
intolerant membranes proteins irreversibly aggregated, intramembranous particles 
clustered in the membranes and the transition temperature of the membrane to be above 
room temperature. These were not found in membranes from the tolerant embryos. 
Proposed mechanisms of desiccation tolerance involve interplay of protein, sugar 
and lipid compositional characteristics described above. With the withdrawal of water. 
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cellular structures and membranes must be stabilized and preserved from damaging 
alterations. 
Baker et ai, (1988) suggested a possible fimction for LEA proteins in the 
"solvation" of cytosolic structures. The abimdance of glycyl residues, which may freely 
rotate around the peptide bond, imply no thermodynamically preferred structure; their 
hydroxyl groups could act to solvate structural surfaces. Formation of salt bridges with 
amino acid residues of highly charged LEA proteins would reduce the effect of 
increasing cytosolic ionic concentration during desiccation. 
Roberts et al., (1993) localized two LEA proteins in very high molar 
concentrations throughout the cytosol of all cell types in cotton embryos. Based on 
these findings, the authors ruled out enzjnnatic, structural or regulatory flmctions, or a 
role as ion or water membrane transporter, and posed, rather, a nutritional (non-
compartmented) or water-binding fimction. A role in water-binding had been previously 
posed for the Em protein of wheat by McCubbin et al., (1985) based on an extensive 
investigation of the hydrodynamic and optical properties of the protein. Dure (1993) 
proposed an ion-binding fimction for one Lea gene family (Dure et al., 1989), based on 
motifs and structural models of the proteins. Based on the known involvement of 
protein phosphorylation in regulation of metabolic pathways and gene expression. Plana 
et al., (1991) suggested that the phosphorylation of RAB-17 may indicate a function for 
it in the mediation of changes associated with desiccation tolerance mechanisms. 
Soluble carbohydrates are believed to be involved in desiccation tolerance 
through both membrane and cytosolic stabilization. Based on evidence from animal 
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systems,, sucrose was tried and found to lower transition temperature of model PL 
membranes in various states of hydration to that of fully hydrated lipids (Caf&ey et al., 
1988). They showed the lamellar repeat of a dry PL/sucrose mixture to be similar to 
that of hydrated lipid. The tendency of sucrose to crystallize in this system was 
inhibited by addition of raffinose, a trisaccharide also present in seed tissues (Amuti and 
Pollard, 1977), in a mass ratio of PL/sucrose/rafGnose of 1/1/0.3. 
Infrared spectroscopy of model mixtures of PL and the disaccharide, trehalose 
(Crowe et al., 1983), and later, of intact biological membranes (Crowe et al., 1984b), in 
various hydrated states, indicated that there was an interaction between OH groups on 
trehalose and the phosphate group of the polar head of the PL. They concluded that this 
replacement of water by sugars maintained critical spacing between the polar head 
groups similar to that of the hydrated state. 
With respect to stabilization of cytosolic contents in desiccated tissue, Williams 
and Leopold (1989) observed cytosolic contents of maize embryos at water contents 
below 12% g g"' dry weight existing in a highly viscous, "glassy" state that could be 
restored to physiological fimction with addition of water. They suggested that high 
concentrations of sucrose in desiccated seed tissue would facilitate formation of this 
vitrified, or "glassy" state. The formation of "glassy" states has been demonstrated at 
ambient temperatures in tolerant maize embryos, in contrast to subzero temperatures in 
embryos that were intolerant (Koster, 1991) and as a ftmction of hydration levels in 
maize embryos by Bruni and Leopold (1992). 
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Factors involved in the mechanisms that contribute to desiccation tolerance are 
recognized as those that contribute to the preservation of seed quality. The genetic 
potential at difierent developmental stages for physiological, compositional and 
ultrastructural changes in response to the drying environment is therefore a critical 
component in the expression of seed quality. 
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CHAPTER 2. DEVELOPMENTAL CHANGES ASSOCL\TED WITH ACQUISITION 
OF DESICCATION TOLERANCE IN MAIZE: SEED QUALITY 
A paper to be submitted to the Journal of Crop Science 
J.M. Peterson, J.S. Burris 
Abstract 
In this report, desiccation tolerance is described in terms of germinability which 
for agronomic purposes is considered the production of a normal seedling and its 
inherent vigor. Acquisition of tolerance to desiccation during seed development was 
investigated in two maize (Zea mays L.) inbreds which differ in sensitivity to high 
temperature desiccation, A632, tolerant, and B73, sensitive. The effects of genotype, 
developmental stage, and drying environment on the acquisition of desiccation tolerance 
were characterized by measuring changes in axis and whole seed moisture content, seed 
quality estimates including standard warm and cold germination tests, normal seedling 
dry weights, shoot to root dry weight ratios, electrical conductivity of dried, intact seed 
and respiratory competence of excised axes. Inbreds were grown in 1995 and 1996. 
Ears were hand pollinated and harvested at 7 to 8 intervals from 7 to 64 days after 
pollination (DAP). Four drying regimes were imposed on husked ears: ambient room 
temperature (Rm25); experimental, thin-layer drying at 35°C (TL35) or 45°C (TL45); or 
high relative humidity (HRH). Tissue moisture content (mc) determination at intervals 
during drying indicated that axis tissue lost moisture at a slower rate than did whole 
seed and equilibrated to a higher final moisture content. Seed quality and respiration 
studies carried out on seeds dried to 100 to 130 g HjO kg"' fw indicated that tolerance 
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to desiccation, in terms of increasing germination percentage and seedling dry weights 
and decreasing shoot to root ratios and conductivity measures, was acquired gradually. 
Tolerance was acquired first in slow-dried samples of both inbreds by 15 DAP but not 
to high temperature (45°C) drying until 30 DAP in A632 and 40 DAP in B73. Oxygen 
uptake was greatest overall in B73 axes dried at 25°C and most variable among 
developmental stages dried at 35°C. 
Introduction 
The potential for genotypic expression of the acquisition of desiccation tolerance 
and subsequent seed viability and vigor is influenced during seed development by a 
wide array of environmental factors. Growing conditions in the seed field impact the 
rate of physiological development of seed and their consequent metabolic and 
compositional status at harvest. In maize seed production, the physiological stage of 
development, that is, metabolic activity, macromolecular composition and moisture 
content at harvest, are ftirther modified by the imposition of post-harvest drying 
treatments. In this context, the acquisition of desiccation tolerance and assurance of 
high seed quality become in large part dependent upon interaction of the physiological 
status of the seed and individual elements of drying process including rate, temperature, 
relative humidity, air velocity and sample geometry (Kiesselbach, 1939; Navratil and 
Burris, 1984; Seyedin et al., 1984). 
In this study, we were interested in examining the interactions of developmental 
stage and drying environment in two inbred genotypes that are known to differ in their 
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response, to drying environments. In earlier work with these two inbreds, differential 
changes in protein profiles in response to drying were observed in seed harvested after 
30 DAP (Peterson, 1993). Differences in initial levels of drying-induced protein 
expression at 30 DAP raised the question of temporal differences in inducibility by 
genotype that might contribute to the tolerance and sensitivity to high temperature 
drying observed. 
In the present study, beginning with harvests at 7 DAP, we have followed natural 
maturation drying and imposed a variety of artificial drying treatments. Naturally 
occurring and induced metabolic and compositional changes were assessed in relation to 
drying rates and developmental stages and to subsequent seed quality. Seed quality 
parameters in response to drying rates are reported here. Changes in composition of 
soluble sugars and synthetic capacity of non-heat-denatured proteins at different 
developmental stages in response to drying with reference to seed quality are reported 
separately. 
Growing conditions, in terms of accumulated temperature units, or growing 
degree days (GDDs), were recorded through the season. A differential response by 
genotype to accumulation of GDD units during maturation may be reflected in a 
different rate of moisture loss which may influence changes in metabolism and 
macromolecular composition. These changes may contribute to ultimate cellular 
organization. Genotype sensitivity to altered accumulation patterns late in development 
may also be a major factor influencing expression of seed quality. 
Electrical conductivity has been used to assess quality of seed lots. Conductivity 
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of seed leachate has been considered as indicative of membrane integrity (Abdul Abaki 
and Anderson, 1970), and solute leakage is assumed to reflect disrupted membranes 
(Simon and Raja Harun, 1972). Mitochondrial competence, associated with membrane 
integrity, was monitored by measuring respiration early in imbibition, though a number 
of factors must be considered with oxygen uptake including other ongoing oxidative 
processes and substrate availability. These parameters were correlated with standard 
warm and cold germination percentages and quality estimates. Highest seed quality was 
associated with slow to moderate drying rates. We found that tolerance to desiccation 
was acquired gradually and was dependent in both inbreds on the drying environment. 
Materials and Methods 
Plant materials 
Two inbreds, A632 and B73, were field grown at Iowa State University, Ames, 
lA, in 1995 and 1996. Controlled pollination was carried out at approximately 50% 
pollen shed on ear shoots that were bagged prior to silking. A632 achieved 50% pollen 
shed five to seven days before B73 in both years. Silks were cut back just into the 
husks the evening before pollination to produce a 'brush' of equally extended silks the 
following morning. Pollination of each inbred was completed within two days. 
Harvests were made at 7, 10, 15, 20, 30, 40 and 50 DAP; final harvests were 
made prior to firost. Ears were hand-husked and six to ten ears randomly assigned to 
each drying treatment. 
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Meteorological data including daily high and low temperatures and irradiance 
were collected for the growing season for both years. Growing degree day units 
[(Tnax+T^/2 - 50; T„^86=86, T,„i^0=50] were calculated for the period from 
planting to pollination and pollination to harvest and were plotted with irradiance 
against days after pollination and harvest moisture for each inbred to assess their 
relationship and potential contribution to physiological development and maturation. 
Drying treatments 
Drying treatments included ears placed: 1) upright on the benchtop (Rm) at 
ambient conditions, 25°C and ~38% relative humidity (RH); in experimental thin-layer 
dryers (Navratil and Burns, 1982) at 2) 35°C (TL35) and -25% RH or 3) 45°C (TL45) 
and -14% RH; or 4) at > 95% RH (HRH) above waterrglycerol (4:1) saturated Kimpak 
in a sealed plastic crisper. With the exception of ears held at HRH, ears were dried to 
130 to 100 g H2O kg"' fresh weight (fw). Seed were hand-shelled from the mid-section 
of the ear, bulked, and placed in cold storage (12°C, 50% RH) until use. 
Moisture content and seed weight determination 
Moisture loss from intact seed (three replicates of ten seeds) and excised axes 
(three replicates of five axes) was monitored (oven method, 105°C for 24 h) on samples 
removed at 0, 24 and 48 h of drying and at frequent intervals thereafter down to 130 to 
100 g HjO kg"' fw. Seed weights following drying to 130 g H^O kg"' fw were 
measured on three replicates of 100 seeds. 
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Seed quality 
Standard rolled towel warm (7 d at 25°C) and soil-free cold germination 
(LoefQer et al., 1985; 7 d at 10°C followed by 7 d at 25°C) tests were conducted on 
untreated seed (three replicates of 50 seed). Seedlings were evaluated in two ways: 
according to Association of Official Seed Analysts (AOSA) Rules (1995) and the other 
according to AOSA rules with exception to the criteria that normal seedling shoots must 
extend greater than halfway up the coleoptile sheath. Shoot and root tissue was 
separated from seedlings scored normal by AOSA rules, dried (105°C for 24 h) and 
weighed to obtain seedling dry weights (SDW) and the ratio of shoot to root (S:R) 
tissue dry weights. 
Conductivity 
Conductivity of individual seed leachate was measured using the Genesis-2000 
Seed Analyzer (Wavefront, Inc., Ann Arbor, WI) on three replicates of 20 (1995) or 25 
(1996) seeds per seedlot placed in 3.75 mL distilled HjO per cell and is reported in 
^Siemens (|iS) per gram seed weight. Care was taken that prior to soaking, seeds 
transferred from cold storage (12°C, 50% RH) were allowed sufficient time to come to 
room temperature without experiencing moisture loss. Measurements were taken after 
1, 4, 8, 12 and 24 h soak time. The mean and median of the readings are reported for 
1996 seedlots; means alone are reported for 1995 seedlot data. Means and median 
values were corrected for seed weights. In order to assess individual conductivity 
values and subsequent germination performance, seeds were removed individually to 
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wetted towels following conductivity measurements for warm germination tests. 
Gennination tests were evaluated by AOSA rules. 
Respiration 
Seven to 10 axes from 20 DAP seedlots and 5 axes from all others of the 1996 
harvest (seeds of B73 at 20 DAP dried at 45°C were not available) were excised, 
weighed and placed on wetted blotter paper in glass petri dishes. Oxygen uptake by 
axes was measured after 4, 8, 12 and 24 h imbibition using a Clark-type polarographic 
oxygen electrode (Rank Brothers, Cambridge, England). Axes were transferred to the 
electrode chamber for measurements and returned carefully to the dishes to continue 
imbibition between measurements. Oxygen concentration of air-saturated water was 
assumed to be 262 ajM for calculations. 
Results 
GDD accumulation, field maturation and harvest moisture content 
Growing seasons in 1995 and 1996 differed, with average temperature conditions 
in 1995 and cooler than normal temperatures in 1996. There was no deficit of water in 
either year. GDD accumulation from planting to pollination was roughly equivalent for 
A632 in both years (1488 in 1995 and 1504 in 1996) but fewer GDDs were 
accumulated by B73 than A632 in 1995 from planting through pollination due to a later 
planting date and earlier pollination date in 1995 (Table A 1). In 1996, cooler 
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temperatures and less irradiance after pollination reduced GDD accumulation at all 
harvests relative to 1995 (Figure 1). 
Harvest mc at as early as 7 DAP was lower in 1995 compared with 1996 and 
remained lower at each DAP interval through the growing season (Figure 2). Field 
maturation drying rates were similar in both years, though faster for A632 (12 g HjO 
kg"' fw day ') relative to B73 (9 g H^O kg'' fw day"'), and during reserve deposition (20 
to 30 DAP) than during maturation stage drying (30 to 40 DAP). Harvest mc plotted 
against DAP (Figure 2) or GDDs (Figure 3) reveals a decrease in drying rates occurring 
later in maturation, at about 400 g HiO kg"' fw, 30 DAP, or approximately 750 GDDs. 
Treatment drying rates 
Freshly harvested ears of both inbreds at 7 and 10 DAP displayed typical, 
uniformly "blistered" stage seed. After 48 hours drying at 35° or 45°C, or longer at 
room temperature or at HRH, there were a small number of seed randomly positioned 
on the ear that had not shrunk in appearance while the others appeared wrinkled and 
dried. Of these "unwrinkled" 10 DAP seed dried slowly at room temperature, three of 
ten tested for germination produced viable seedlings. In contrast, dried, wrinkled seed 
at that stage were not viable regardless of drying treatment (Figure 4). 
Rates of moisture loss within drying treatments were variable among 
developmental stages in both A632 and B73, but among treatments, rates decreased with 
decreasing temperature and increased with humidity. Rates calculated on the first 48 
hours of drying are given in Tables I and 2. 
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To determine whether there was a differential drying rate between intact seed 
and excised axis tissue, mc of axes was monitored during drying. Moisture content of 
axes within the seed at all drying intervals was always higher than that for intact seed 
(Table 1). Rates of mc loss from 20 DAP axes were dramatically less than that from 
intact seed except in the case of 45°C drying. In contrast, drying rates among 
treatments for axes at 30 and 40 DAP were substantially increased relative to intact 
seed, particularly in A632 and at 45''C. Treatment drying rates for both seed and axes 
at 30 DAP were higher than at 20 or 40 DAP for A632 and lower for B73. 
Seed increased in weight through 30 DAP to a similar degree between years and 
inbreds (Figure 5). In 1995, seed of B73 obtained a greater final weight at 50 DAP 
than did seed of A632. In 1996, A632 seed weights were slightly heavier than B73 at 
each harvest though 373 individual seed dry mass continued to accumulate after 50 
DAP while that of A632 declined slightly. The late maturation embryo weight gain and 
higher mc may be associated with the apparent sensitivity of B73 to drying conditions. 
Seed quality 
Viability and vigor increased significantly from 20 to 40 DAP across inbred and 
drying treatment (Table 3) (Tables A 2 and A 3 for complete germination data). 
However, vigor continued to improve significantly with developmental age in terms of 
increasing seedling dry weights and decreasing shoot to root ratios. Although there was 
no significant difference overall in quality estimates between 25° and 35°C drying 
treatments (1996 data), at 15 DAP slow drying at 25°C was the only treatment that 
33 
produced normal seedlings (data not shown). In contrast, drying at 45°C significantly 
reduced germination up until 40 DAP and continued to negatively impact SDW and S:R 
through 50 DAP. 
Higher viability was achieved by 30 DAP seed in 1995 than in 1996 (85% 
compared to 65% germination, respectively) although cold germination response at 30 
DAP was only marginally higher in 1996 (65% compared to 60%). To facilitate 
comparison between years, statistical analysis of data in Table 3 for 1996 Inbred and 
DAP main effects did not include the 25°C drying temperature treatment. However, 
treatment temperature data in 1996 Temp main effect section do include the 25°C 
treatment and Isd values from an independent ANOVA are given. 
Evaluation by AOSA rules (1995) (noted as Germ' in tables) resulted in a higher 
niraiber of seedlings scored abnormal in B73 at 20 and 30 DAP. The increase was 
largely an increase in a category of abnormals displaying first leaves not extending half 
way up the coleoptile sheath designated "short shoots". When those abnormals were 
coimted as normals (noted as Germ^), germination scores of B73 at 20 and 30 DAP 
were markedly improved. A632 germination percentage was only slightly improved by 
including "short shoots" in normal scores (Table 3). 
Conductivity 
The rate of leakage of cellular contents measured as conductivity decreased with 
maturation across inbreds. Data for 1995 are given in Figure 6 and 1996 data in Figure 
7. Sensitivity to high (45°C) drying temperature in terms of increased leakage rates was 
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evident through development until 50 DAP (Figures 6 and 7). Drying at 25°C showed 
essentially no significant difference from 35°C drying in leakage rates at all stages in 
A632 (Figure 7). In contrast, B73 at 15 and 20 DAP was sensitive to 35°C drying 
relative to 25''C (Figure 7). 
Respiration 
During the first 8 hours of imbibition, oxygen consumption increased in an 
essentially linear manner in axes at all stages dried at 25''C (Figure 8) with rates 
decreasing with increasing DAP. Seed dried at 35°C exhibited an oxygen uptake 
response to developmental stage in both inbreds. Uptake was highly variable with rates 
at 30 DAP significantly enhanced relative to other developmental stages (Figure 8). For 
axes dried at 45°C, rates of oxygen consumption slowed after 4 hours and after 12 
hours did not increase except in the case of B73 at 57 DAP. In 20 DAP A632 axes, 
oxygen consumption declined dramatically after 8 hours imbibition (20 DAP axes of 
B73 were not available). Relatively high rates of oxygen consumption observed in B73 
axes dried at 25° or 35°C continued to increase at 24 hours in contrast to A632. 
Discussion 
GDD accumulation, field maturation and moisture content 
The linear relationship of seed moisture content with GDD accumulation (in the 
absence of other stresses) demonstrated here (Figure 3) reiterates the profound effect 
that temperature has on rate of growth and development (Shaw, 1975; Swan et at.. 
1990). The more variable relationship of seed mc and DAP (Figure 2) reflects 
confounding environmental effects and potential for genotypic expression that limits the 
usefuhiess of DAP as an index of physiological status between years and later 
maturation. Statistical analyses were for that reason carried out on data within years. 
Nonetheless, for simplicity, days after pollination and developmental stage are terms 
used interchangeably in this discussion without assimiption of an implicit, well-defined 
relationship. 
Under the warmer conditions of 1995, a differential response by A632 and B73 
to GDD accumulation at between 20 and 30 DAP was observed in the rate of seed 
moisture loss. The decrease in rate of seed mc loss by B73 relative to A632 suggests a 
slower rate of reserve deposition (less water displacement) and/or a higher energy 
requirement to achieve the same level of deposition. However, individual seed dry mass 
accumulated during that period was equivalent with seed of both inbreds doubling in 
weight, suggesting similar sink strength. Thus, the mc differences are related to 
differential retention of water by the two genotypes which is more responsive under 
higher evaporative demand. 
In 1996, reduced GDD accumulation during development moderated the 
differential rates of mc loss in A632 and B73, resulting in a similar linear response by 
the two inbreds to GDD accumulation (Figure 3). After 40 DAP, GDD accumulation 
slowed significantly in both inbreds, the consequences of which were reduced field 
drying rates in both inbreds. 
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Treatment drying rates 
Variation observed in immature (10 DAP) seed in terms of drying response and 
viability from the same ear remains unexplained. Pollen vigor or seed sink strength 
may be possible causes, as may be contaminating pollen. Alternatively, other 
recombinant events may have conferred potential for heterotic expression upon 
germination. Interestingly, after 10 DAP, the random, morphologic variation in 
individual seed response to drying was no longer visually detectable. It seems 
reasonable to suggest that individual seed from a single inbred ear may possess some 
heterogeneity in terms of physiological age or genetic identity that may be expressed 
under particular conditions. This may be responsible in part for the range in seedling 
performance observed even in high quality seed lots. 
Differential rates of moisture loss in response to drying treatment temperatures 
and humidities imposed and resultant physiological and physical changes in large part 
reflected the amount of external energy supplied. Differences in drying rates among 
developmental stages during natural maturation may similarly reflect stage-specific 
changes in metabolic potential that are responsive to the energy associated with the 
accumulation of temperature units (GDDs) and radiant energy. 
The rate of moisture withdrawal or loss may also be associated with the 
progressive movement of lipid bodies through the cytoplasm to the plasma membrane 
first reported by Perdomo (1996) in response to imposed drying treatments. In fully 
dried seed (100 to 130 g H^O kg"' fw), lipid bodies are observed aligned along the 
inside membrane surface. The time factor associated with drying rate and in 
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combmadon with metabolic potential at a given developmental stage may be crucial to 
this process. These differences may determine amotmt of membrane disruption in 
tissues that occurs during subsequent rehydration with germination. Consistent with 
this, the slow drying rates associated with the room-dried treatment was associated with 
highest seed quality. 
The importance of drying rate in maintaining seed quality has long been 
recognized in seed production (Kiesselbach, 1939; Washko, 1949; Struve, 1958). More 
recently, factors involved in rate have been examined in detail in attempts to modify 
conditions and understand the influence of rate on metabolism and subsequent impact on 
seed quality (Adams et ai, 1983; Navratil and Burris, 1984; Seyedin et al., 1984; Herter 
and Burris, 1989a; Baker et ai, 1991). Manipulation of drying rates, particularly during 
early stages of development, has also allowed closer examination of the timing of 
acquisition and mechanisms associated with desiccation tolerance (Bochicchio et ai, 
1988; Kermode et al., 1986; Oishi and Bewley, 1990; Kovach and Bradford, 1992; 
Hong and Ellis, 1997). Evidence presented by these workers generally confirms that 
compositional changes that occur within the embryo during development and natural 
maturation in the field are to various degrees those induced in artificially dried seed. 
Seed quality 
In the present study, the acquisition of desiccation tolerance is related to 
germination and is evaluated m terms of normal seedling development. The impact of 
drying rates on viability and vigor imply desiccation tolerance as a continuum reliant 
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upon conditions of drying as well as upon developmental stage. Factors that contribute 
to viability under non-stress conditions of warm germination may not, however, 
necessarily similarly contribute to germination performance under stress (Tatum and 
Zuber, 1943; Prasad et al, 1994). Evidence of this is seen in high, early (20 DAP) 
warm germination values for B73 but poor cold germination relative to A632. The use 
of vigor tests such as germination under cold conditions helps identify the extent of 
drying damage that can be expressed as sensitivity relative to inbred, developmental 
stage, or treatment, but clearly does not clarify the mechanisms related to injury. 
Seedling dry weights were reduced similarly in both inbreds in 1996 relative to 
1995 and in 45°C dried seed more than 35°C. Because the entire growing season in 
1996 was cooler, it is difficult to determine the relative contributions of genotype and 
developmental stage to the drying temperature sensitivity year to year. 
The "short shoot" abnormality associated with seedling vigor was distinguished 
as a category apart from other abnormals in order to test its incidence under laboratory 
conditions against field conditions (reported in a separate study). It is of interest to 
identify the source of damage related to this expression of reduced vigor. "Short 
shoots" were observed primarily in the B73 inbred under cold test conditions and were 
responsible for a significant reduction in germination as scored by AOSA rules. The 
abnormality was in most cases accompanied by scutellar node and mesocotyl necrosis. 
These symptoms were generally associated with the presence of a specie of Penicillium 
that was identified by culture on potato dextrose agar as Penicillium oxalicum, Currie 
and Thom, a pathogenic seedbome fungi that causes ear rot and seedling blight (Johann 
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et al.,. 1931; Koehler, 1959). Incidence was only somewhat associated with high drying 
temperature, and was more prevalent in seed of B73 at 30 DAP and younger, and grown 
under the stress of cold germination conditions. High incidence of P. oxalicum seedling 
disease is generally favored by physical damage to the pericarp which provides 
entryway to the pathogen (Koehler, 1959) and in young seeds prior to formation of the 
natural barrier of black layer. Additionally, Leng (1949) reported substantial differences 
in susceptibility among inbred lines. Hand harvesting and husking of seed in this study 
precluded mechanical damage as a significant factor although hand shelling of dried, 
immature seed may have provided a route for infection as black layer may have been 
incompletely formed in our 20 and 30 DAP samples. The low vigor of the seedlings 
may also have resulted from excessive simple sugar accumulation in axis and scutellar 
tissue that would upon imbibition leak in large amounts, providing a desirable medium 
for pathogen growth. 
Conductivity 
A well-defined relationship of seed conductivity and seed quality has been 
difficult to characterize (Tao, 1978; Hepburn et al., 1984; Herter and Burns, 1989b). 
Conductivity of leachate is commonly regarded as an indication of membrane integrity 
(Abdul-Baki and Anderson, 1970; Simon and Raja Hanm, 1972; McKersie and Stinson, 
1980; Duke et al, 1983). Therefore, leakage, rate of leakage and composition of 
leachate have all been investigated for their relationship to seed quality (Hill and Taylor, 
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1989), maturity (Sahien and Gjelsvik, 1993), field performance (Matthews and 
Bradnock, 1968) and damage (Herter and Burris, 1989b; Bruggink et al., 1991). 
We were interested in assessing the relationship of leakage and leakage rate to 
developmental stage, drying treatment rate and subsequent seed quality among the two 
inbreds. Further, we wanted to determine if a particular interval during the soaking time 
may be more informative than another or than single readings, with respect to predicting 
seed quality. 
Individual measurements and leakage during intervals (calculated by subtracting 
individual readings fi-om subsequent readings to get differences) per gram seed were 
correlated against germination and seed quality parameters (Tables A 4 and A 5). 
Correlation rankings of individual readings or intervals with warm and cold germination 
differed between years. In 1995, correlations of warm and cold germination were 
highest with intervals and improved with intervals later in the soak time (24h-lh) > 
(24h-12h) > (12h-8h), etc.), or were initially high and remained high (Table A 4). In 
1996, measurements after one hour imbibition were consistently, highly correlated with 
seed quality parameters (Table A 5). We suggest that for maize, two readings, at one 
and 24 hours, provide sufficient information regarding conductivity within a single 
seedlot. High individual leakage readings were not consistently associated with non-
viability, though, in general, high average leakage measurements of a treatment were 
associated with poor seedlot quality, for example, 20 DAP dried at 45°C. Damaged but 
viable seed (damage including cuts to pericarp over endosperm) also gave high 
measurements. Though we found leakage rates did decrease with development and 
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slower drying rates, the year effect was large and correlations of leakage rate and seed 
quality parameters were not consistent 
In both years, germination percentage of seed following conductivity (24 h soak 
time) was highly correlated with germination data. Seed that failed to germinate 
following conductivity were subjected to tetrazolium tests for dehydrogenase activity 
and of those, essentially all were determined to be non-viable rather than dormant. 
Methodology recently proposed by Moore et al, (1988) and Davidson et al., 
(1994) involving a parametric analysis of electroconductivity data may improve the 
usefulness of conductivity as a measure of seed quality. 
Respiration 
Oxygen uptake appeared responsive to drying treatment. High rates of mc loss 
from tissues have been associated with membrane disruption, subsequent solute leakage 
and uncoupling of respiratory chains. The slow rate of drying at 25°C appeared to 
permit necessary, favorable compositional changes in 20 DAP axes responsible for the 
oxygen uptake rates measured. The relatively high rates of oxygen consumption in B73 
axes relative to A632 dried at 25° or 35°C may be indicative of earlier, more efficient 
mitochondrial activation and/or more readily available metabolic substrates in axis 
tissue. However, because ATP synthesis was not measured, oxidative processes 
responsible for the rates of uptake observed can not be identified. The notable increase 
in oxygen uptake in imbibing 30 DAP axes relative to other stages suggests seed 
harvested then may be at a transition stage characterized by heightened metabolic 
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activity just prior to reaching maximum reserve deposition and prior to a significant 
decrease in axis mc. Oxygen uptake rates reported here for inbred axes are slightly 
lower than those for hybrid axes reported by Madden and Burris (1995) but slightly 
higher than those for maize inbred embryos reported by Ehrenshafl and Brambl (1989). 
The availability of simple sugars as respiratory substrates in the first hours of 
imbibition may present limitations to activation of metabolic pathways (Abdul-Baki, 
1969; Leprince et al., 1992; Mino and Inoue, 1994). Soluble sugar content of B73 axes 
(reported in Chapter 3) was higher than that of A632 and may therefore be a factor in 
the relatively high initial rates observed in some B73 axes. Interestingly, though 40 and 
50 DAP axes had the lowest measured oxygen uptake rates with the exception of 20 
DAP axes dried at 45 °C, 40 and 50 DAP seed were associated with the highest seedling 
quality. Abdul-Baki (1969) showed that respiratory activity early in germination could 
not be strictly correlated with subsequent seedling quality. In comparing aged and 
unaged seed of barley and wheat, initial oxygen uptake rates were not significantly 
different although aged seedlots had lost 60% of their glucose utilization capacity. He 
concluded that the capacity for assimilation of glucose and integration of the 
tricarboxylic acid and glycolytic pathways during germination were much more 
important than oxygen uptake rates as determinants of seed quality. 
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Figure 1. Accumulation of GDDs and irradiance with days after pollin­
ation in 1995 (A) and 1996 (B) for A632 (•) and B73 (A); GDDS (closed), 
irradiance (open). 
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Figure 2. Harvest moisture content with GDD accumulation at days 
after pollination in 1995 (A) and 1996 (B) for A632 (•) and B73 (A); 
HMC (closed), GDDs (open). 
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Figure 3. Harvest moisture content of A632 (A) and B73 (B) with GDD 
accumulation in 1995 (A) and 1996 (•). 
Figure 4. Ears of B73 harvested at 7, 10, 15, 20, 30, 40 and 50 DAP and dried at 
room temperature and -40% RH. 'Unwrinkled' seed on 7 and 10 DAP ears noted 
by arrows. 
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Figure 5. Dry seed weights per hundred seed in 1995 (A) and 1996 (B) 
of A632 (open) and B73 (closed). 
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Figure 6. Rates of conductivity for A632 (A) and B73 (B) by days after 
pollination and drying temperature. 20 DAP (•), 30 DAP (•), 40 DAP (A), 
50 DAP ( ); SS'C (closed), 45''C (open) (1995). SEM=0.057, n=3 
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Figure 7. Rates of conductivity at 25®, 35° and 45°C drying temper­
ature at days after pollination in A632 (panel A) and B73 (panel B). 
15DAP (•), 20DAP (•), 30DAP (A), 40DAP (+), 50DAP (•), 
64DAP (») for A632 or 57DAP (t) for B73 (1996). SEM=0.064, n=3 
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Figure 8. Rates of uptake in response to drying temperature and 
days after pollination in A632 (panel A) and B73 (panel B). 20DAP (•), 
30DAP (•), 40DAP (A), 50DAP (+), 64DAP (•) for A632 or 57DAP 
(•) for B73 (1996). SEM=0.137, n=3 

Table 1. Moisture content and rate of loss from seed tissues during drying (1995). 
Days afler pollination 
20 DAP 30 DAP 40 DAP 
Trt hours of drying rale of hours of drying rale of hours of drying rate of 
Inbred Temp Tissue 0 24 48 moisture loss 0 24 48 moisture loss 0 24 48 moisture loss 
g H2O kg' fw g H2O kg 'fw h' g HjO kg' fw g H2O kg 'fw h" g H2O kg ' fw gHiOkg'fwh' 
A632 TL35°C seed 654 608 505 3.10 432 363 279 3.19 360 265 208 3.17 
axis 692 674 654 0.79 669 537 538 2.73 512 509 455 1.19 
TL 45''C seed 654 567 331 6.75 454 288 131 6.76 365 192 109 2.33 
axis 692 676 575 2.44 669 564 200 9.77 512 406 123 8.10 
Room seed 654 618 566 1.83 433 400 336 2.02 370 312 267 2.14 
axis 692 662 665 0.48 669 576 510 3.31 512 493 501 0.23 
HRH seed 654 641 623 0.65 435 424 408 0.56 372 353 341 0.64 
axis 692 670 669 0.48 669 547 576 1.94 512 520 532 0.42 
B73 TL 35°C seed 647 599 492 3,23 502 432 320 2.14 423 357 294 2.69 
axis 633 649 649 0.33 558 556 590 0.23 522 550 521 0.02 
TL 45''C seed 645 541 321 6.75 504 382 346 3.29 430 283 201 4.77 
axis 633 677 537 2.00 558 534 583 0.42 522 554 269 5.27 
Room seed 648 608 568 1.69 506 476 418 1.83 418 403 356 1.29 
axis 633 666 637 0.08 558 582 559 0.21 522 549 522 0.02 
HRH seed 639 643 603 0.75 500 484 476 0.50 422 416 390 0.67 
axis 633 683 637 0.08 558 552 506 1.08 522 551 523 0.02 
Table 2. Moisture content and rate of loss from seed tissues during diying (1996). 
Days afler pollination 
20 DAP 30 DAP 40 DAP 
Trt hours of drying rale of hours of drying rate of hours of drying rate of 
Inbred Temp Tissue 0 24 48 moisture loss 0 24 48 moisture loss 0 24 48 moisture loss 
g H2Okg' fw g H2O kg' fw h' g H2O kg ' fw g H2O kg' fw h ' g H2O kg ' fw g H2O kg"' fw h"' 
A632 TL35° seed 723 668 523 4.17 535 445 284 5.23 414 324 183 4.80 
TL45'' seed 723 614 351 7.75 535 351 118 8.69 414 254 103 6.48 
Room seed 723 691 627 2.00 535 496 443 1.92 414 362 303 2.31 
HRH seed 723 730 706 0.35 535 531 512 0.48 414 409 398 0.33 
B73 TLSS" seed 707 678 609 2.04 552 502 442 2.30 460 416 333 2.64 
TL 45° seed 707 660 554 3.19 552 447 297 5.31 460 377 252 4.33 
Room seed 707 705 650 1.19 552 526 483 1.44 460 434 386 1.54 
HRH seed 707 702 678 0.60 552 545 534 0.38 460 465 453 0.15 
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Table 3. Means of seed quality estimates by inbred, developmental stage and drying 
temperature. 
Waim Germination Cold Germination 
Year Main Germ^ Germ^ SDW S:R Germ^ Germ^ SDW S:R 
effect (%) (%) (mg) (%) (%) (mg) 
1995 bibred 
A632 82.3' 83.2* 42.9* 2.30* 66.5* 68.3* 45.5* 2.59" 
B73 76.7* 84.2' 38.1* 2.24* 63.4* 75.4' 45.3' 2.59' 
Isdo.os 17.274 0.575 8.768 0.429 27.847 36.071 9.674 2.25 
DAP 
20 36.6* 44.3* 20.5* 3.77* 22.0* 39' 24.5* 4.48' 
30 85.7'' 92.7" 33.1" 2.42" 59.3*" 68.4*" 35.7*" 3.16' 
40 98" 98.6= 43.9" 1.97= 80.4" 82*" 48.0"= 2.01' 
50 97" 99c 55.2= 1.67= 98.0" 98" 62.9= 1.66' 
Isdo.os 24.429 0.813 11.599 0.568 39.382 51.012 12.797 2.977 
Temp 
35C 92.5* 96.3* 43.4* 2.26* 84.2* 93' 49.7* 2.49* 
45C 66.5" 7l" 37.0* 2.28* 45.7" 50.7" 39.6" 2.73' 
Isdo.os 17.274 0.575 8.859 0.434 27.847 36.071 9.774 2.274 
1996 Inbred 
A632 76.9* 77.4* 26* 1.98* 77.2* 74.4* 36.4* 2.32' 
B73 67.3* 77.* 27.8* 2.56" 67.6* 69' 39.5* 2.77' 
Isdo.os 20.592 2.187 6.129 0.162 32.501 28.461 12.848 0.742 
DAP 
20 30.8* 33.8* 14.7* 5.32* 37.5* 40' 17* 6.11' 
30 65.5" 80" 21.4*" 2.26" 64.6*" 68.1"" 25.8* 2.37" 
40 94.2"= 96.6= 30.3" 1.64= 87.5" 88.7" 43.5*" 1.78" 
50 98' 98.2= 35.1" 1.39"' 90" 90.2" 55" 1.68" 
isdo.os 29.121 3.093 9.066 0.239 45.963 40.248 19.002 1.098 
Temp^ 
25C 93.2* 93.4* 30.5* 2.50* 95* 95.7* 46.4* 2.70' 
35C 88.5* 90.3* 28.9* 2.48* 89.8* 92* 41.9' 2.86' 
45C 55.8" 64" 24.2" 2.00" 50" 51.5" 32.7" 2.12" 
Isdo.os 12.723 3.928 2.444 0.141 19.588 18.124 4.496 0.433 
' Germination evaluated by AOS A rules 
^ Evaluation criteria not including "short shoot" as abnormal 
^ Isd values for 1996 Temp main effect from independent ANOVA 
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CHAPTER 3. DEVELOPMENTAL CHANGES ASSOCIATED WITH ACQUISITION 
OF DESICCATION TOLERANCE IN MAIZE: CHANGES IN SOLUBLE 
CARBOHYDRATE COMPOSITION AND PROTEIN SYNTHETIC CAPACITY 
A paper to be submitted to the Journal of 
Seed Science Researcii 
J.M. Peterson, J.S. Burris 
Abstract 
The effects of genotype, developmental stage, and drying environment on 
changes in soluble carbohydrate composition and protein synthetic capacity during the 
acquisition of desiccation tolerance were characterized in two maize (Zea mays L.) 
uibreds which differ in sensitivity to desiccation, A632 (tolerant), and B73 (sensitive). 
Inbreds were grown in 1995. Ears were self-pollinated and harvested at 20, 30, 40 and 
50 days after pollination (DAP). Four drying treatments included: ambient room 
(Rm25); experimental, thin-layer drymg at 35°C (TL35) or 45°C (TL45); or high relative 
humidity (HRH). Soluble carbohydrate content (mg g"' dw) of axes of seeds dried at 
35° or 45°C to 100 to 130 g HjO kg"' fw was determined by HPLC. The predominant 
sugars, sucrose and rafKnose, increased differentially in A632 relative to B73 during 
development and in drying at 35° relative to 45°C. The ratio of raffinose to sucrose 
was greater in A632 relative to B73 at both temperatures and greater at 35° than 45°C 
in A632 but greater in B73 at 35° relative to 45°C. Protein synthetic capacity was 
measured by uptake and incorporation of pS]-methionine/cysteine into water soluble, 
non-heat-denatured protein of embryos excised from seed removed at 0, 24 or 48 h, 
followed by one-dimensional SDS-PAGE and fluorography. Radiolabel incorporation 
was greatest earlier in natural maturation (20 DAP) and increased with hours of imposed 
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drying, particularly at 35° or 45''C. Label was most prominent in bands at 24 to 27 kDa 
in both inbreds at all treatments, whereas drying at 45°C induced unique bands at 98, 
60, 45 and 40 kDa in A632 and 91, 68 and 41 kDa in B73. SDS-PAGE of unlabeled, 
non-heat denatured proteins showed accumulation patterns consistent with radiolabel 
incorporation. Concentration of non-heat-denatured protein was greater in A632 and 
increased in response to drying earlier in development than in B73. Soluble 
carbohydrate and synthetic capacity changes were related to the gradual acquisition of 
desiccation tolerance in terms of improving germinability and seedling vigor. 
Introduction 
The requirement for drying for many seed to become germinable is well 
established (Adams et al., 1983; Rosenberg and Rinne, 1986; Oishi and Bewley, 1992). 
Tolerance to desiccation treatments has been shown to be acquired gradually during 
seed development (Herter and Burns, 1989) and differentially in axes, embryos and 
intact seed (Brenac et al., 1997). In addition, the rate of drying imposed has become 
acknowledged as a critical factor in the acquisition of tolerance during development 
(Bocchichio et al., 1988; Blackman et al., 1991; Kovach and Bradford, 1992). 
Mechanisms of tolerance which involve stabilization of cytosolic structures and 
membranes during desiccation have been associated with accumulation of sets of 
proteins, termed LEAs, and soluble carbohydrates (sucrose and raffinose in maize) 
(Caf&ey et al., 1988; Williams and Leopold, 1989). These compositional changes have 
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been shown to be inducible in response to different drying rates to variable degrees in 
maize embryos during development (Bochicchio et al, 1988; Brenac et al., 1997). 
The requirement for desiccation in order to assure high quality maize seed 
presents the seed producer an array of concerns. Foremost of which is that the seed 
have acquired tolerance to the conditions of desiccation, that is, possess the capacity to 
produce a normal, vigorous seedling subsequent to drying. An objective of the present 
study was to investigate and characterize temporal expression of inbred differences in 
composition of axis soluble carbohydrates and embryo protein that might be associated 
with tolerance to high temperature drying. 
We have foimd higher concentrations of drying-induced, water-soluble, non-heat-
denatured proteins and total soluble carbohydrates in axes of the tolerant inbred, A623, 
earlier in development and greater accumulation in response to drying relative to 373. 
These results have been associated with higher germination in A632 under cold stress 
germination conditions at an earlier developmental age. We suggest that synthesis of 
these non-heat-denatured proteins induced early in development to an unknown, 
minimum level of accumulation in combination with adequate levels of sucrose and 
raffinose may be associated with successful desiccation and high seed vigor. 
Materials and Methods 
Plant materials, drying treatments and seed quality 
Two inbreds, A632 and B73, were field grown at Iowa State University, Ames, 
lA, in 1995. Controlled pollination was carried out as described previously (see Chapter 
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2) and harvests were made at 20, 30, 40 and 50 DAP. Accumulation of temperature 
units (GDDs) during the growing season [(T^+T^/2 - 50; T^86=86, T„j„<50=50] 
along with harvest mc were monitored as described previously to assess their 
relationship and potential contribution to physiological development and maturation. 
Four drying treatments imposed and monitoring of tissue moisture loss are described in 
Chapter 2, as are the resxilts of standard tests for viability and vigor. 
Soluble sugar analysis 
Sugars were extracted from axes (20 to 35 mg) excised from seed fully dried at 
35° or 45''C, by grinding in 2 mL 80% ethanol (v/v) with mortar and pestle for 2 min. 
Following centrifligation at 20,000 x g at 4°C for 20 min, the pellet was washed in I 
mL additional 80% ethanol and centrifuged as before. The supematants were combined 
and evaporated to dryness under vacuum. The residue was resuspended in 400 \iL 
deionized H2O, heated to 100°C for 10 min, and centrifuged at 20,000 x g for 20 min. 
The supernatant was removed and filtered through 0.2 ^m pore size Whatman filter into 
a vial for subsequent high pressure liquid chromatography (HPLC) separation. HPLC 
was carried out on 10 injection volumes using a SupelCosil LC-NHj column 
(Supelco, Bellefonte, PA) (mobile phase: acetonitrile:water, 75:25, at flow rate of 1.25 
mL min"') and refractive index detector. Sugars were identified and quantified by 
comparing peak areas with those of individual sugar standards (Sigma, St.Louis, MO). 
Data reported are means of two separate extractions and two injections each. 
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Protein synthetic capacity during drying 
Synthetic capacity was assessed by uptake and incorporation of a mixture of L-
[^'S]-methionine and L-[^'S]-cysteine (5:1) (>1000 Ci mmol"', Pro-Mix™, Amersham, 
Arlington Heights, IL) into embryos aseptically excised from 20, 30 and 40 DAP seeds 
removed at 0, 24 and 48 h drying. Three replicates of five 20 DAP embryos or three 
embryos from 30 or 40 DAP seeds were surface sterilized in 0.1% NaClO for 30 s, 
rinsed twice in sterilized HjO and incubated in 25 nL H2O containing 20 p.Ci activity at 
23®C for two or four hours. The embryos were then rinsed well, carefully blotted dry, 
and stored in microcentrifiige tubes at -70°C until use. 
Water-soluble proteins were extracted from the embryos in 500 |aL Tris buffer 
(50 mM Tris, 5 mM MgCU, pH 7.5) on ice with mortar and pestle. Homogenate was 
centrifuged at 20,000 x g for 20 min, the supernatant removed and divided into two 
fractions for total water-soluble protein, water-soluble, non-heat-denatured protein and 
amino acid analyses. Non-heat-denatured proteins were obtained by heating the second 
fraction at 100°C for 15 min, followed by centrifugation at 20,000 x g for 20 min, 
removal of the supernatant and concentration by trichloroacetic acid precipitation. The 
pellet was resuspended in a minimal volume of Tris buffer. 
Protein concentration of both fractions was determined by the method of 
Bradford (1976) using the Bio-Rad (Hercules, CA) microassay kit procedure. Amino 
acid composition analyses were performed by the Protein Facility at Iowa State 
University. Radioactivity was counted by liquid scintillation counting (Beckman LS 
lOOC, Fullerton, CA) on 3 or 5 |iL aliquots added to 10 mL scintillant. 
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
carried out by the method of Laemmli (1970) on 12% gels loaded with equal amounts 
(20 or 25 ng) of embryo protein. Gels were stained with Coomassie Blue-R, 
photographed, and then impregnated with 2,5-diphenyloxazole (PPO) in dimethyl 
sulfoxide (DMSO), transferred onto filter paper and dried at 60°C under vacuvim on a 
Bio-Rad gel dryer for approximately two hours. The gels were exposed to Kodak X-
OMAT AR film at -70°C for four to twelve weeks, developed and the image analyzed 
using OS-Scan™ Lite image analysis software by Oberlin Scientific Corporation 
(Oberlin, OH). 
For comparison of synthesis with accumulation, SDS-PAGE was similarly 
carried out on water-soluble, non-heat-denatured proteins extracted firom unlabeled 
duplicate axes. Gel images were obtained and analyzed as above. 
Results 
Soluble sugar analysis 
Total soluble mono- and oligosaccharide content of axes increased with 
maturation. Soluble sugars in axes dried at 35°C increased 8 to 17% from 20 to 50 
DAP (197 to 212 mg g"' tissue in A632 and 156 to 182 mg g"' in B73), while axes dried 
at 45°C increased 23% in A632 and 5% in B73 (Table 1). Individual sugar composition 
varied in response to development and maturation. Sucrose and raffinose were the 
predominant sugars fovmd at each developmental stage and drying temperature with the 
exception of 20 DAP and 45°C. At that treatment combination, a peak appeared 
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preceding raffinose which may represent a hydrolysis product or precursor of raffinose 
synthesis as raffinose concentration in that sample was reduced relative to the SS'C 
treatment Also of interest in 20 and 30 DAP samples of both inbreds dried at 45°C 
was a small unidentified peak immediately following sucrose that may represent a 
temperature-induced modification of the sucrose molecule. 
The proportion of sucrose to total soluble sugar gradually declined with 
maturation, more sharply in A632 relative to B73, while that of raffinose increased 
(Table I). Raffinose content was responsive to drying temperature but the response 
differed by inbred. In A632, the percentage of raffinose was greater in seed dried at 
35° than at 45°C until 50 DAP when they were essentially equal. In B73, seed dried at 
45°C contained a higher percent of raffinose than 35°C relative to total and that 
percentage increased as seed matured. 
Protein synthetic capacity and profiles 
The proportion of water-soluble, non-heat-denatured proteins to total soluble 
protein content increased from less than 5% in fresh 20 DAP axes to 14 to 20% in fresh 
40 DAP axes (on a per microgram basis) (data not shown). In response to imposed 
drying for 48 hours at 35° or 45°C, the proportion of non-heat-denatured to total protein 
in 20 DAP axes increased to more than 8%, and in axes fully dried to 100 g HiO kg"' 
fw, non-heat denatured proteins made up approximately 20% of the total soluble protein 
content. In 40 DAP axes after 48 hours drying at high temperature, the proportion 
increased to 18%, and in fully dried axes to 20% of total. In contrast, axes from seed 
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held at HRH did not increase in non-heat-denatured protein content relative to that at 0 
h at any DAP. Though the trend was similar in B73, the proportion of non-heat-
denatured to total was generally less in 20 and 30 DAP axes of B73 compared to A632 
* 
at all treatment combinations. However, by 40 DAP the proportion in B73 increased to 
equal or greater than that in A632 axes. 
Synthesis of water-soluble, non-heat-denatured proteins was clearly induced by 
both natural and artificial drying as seen by accimiulation on Coomassie-stained gels 
(Figure 1). Non-heat-denatured proteins accumulated between 20 and 40 DAP (0 h 
lanes) and from 0 to 48 hours drying across all treatments, and significantly more in 
response to 35° and 45°C drying. Notable in response to drying was the induction of 
bands at approximately 66, 40 to 44, 37, and 24 to 27 kDa (particularly in 20 DAP 
axes) (Figure 1). 
Radiolabel incorporation is shown by developmental stage (Figure 2) and by 
treatment (Figtare 3). Specific bands common to all treatments and developmental 
stages within inbreds were observed as well as bands that were treatment specific. In 
A632, induction of low molecular weight proteins at 24 and 27 kDa was evident in all 
treatment and developmental stage combinations with the exception of 20 DAP and 0 h. 
These bands increased in response to drying time. Drying at 45°C induced unique, 
prominent bands at approximately 98, 60, 45 and 40 kDa that were evident at each 
developmental stage. 
Prominent low molecular weight bands at 24 and 27 kDa were also present in all 
treatment and developmental stage combinations of B73 with the exception of 20 DAP, 
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0 h embryos which similarly increased in response to drying time. As in A632 
embryos, 45''C drying temperature induced a unique, high molecular weight banding 
pattern with most prominent bands at 91, 68 and 43 kDa. 
Synthetic capacity in both inbreds appeared generally greater in 20 DAP embryos 
relative to 30 and 40 DAP embryos in terms of incorporated label. Additionally, it is 
evident from the 0 h lanes of each developmental stage that with increasing maturation, 
there was increasing incorporation into drying-induced protein. The increased amount 
of label observed in the 24 hour, room-dried B73 sample (Figure 2 E) is possibly due to 
increased incorporation associated with hybrid material incorrectly identified and treated 
as inbred material. 
To address the question of possible changes that may occur in total 
methionine/cysteine content in embryo protein during maturation that would influence 
validity of methionine/cysteine incorporation patterns into embryo protein, total 
methionine and cysteine content in fresh and dried, 20 and 50 DAP axes was 
determined. With respect to methionine, amino acid assays of total water-soluble and 
water-soluble, non-heat-denatured protein from fresh axes at 20 or 50 DAP showed 
essentially no difference in number of methionine residues per 100 residues (1.2 and 
1.37 for 0 DAP axes and 1.5 and 1.61 for 50 DAP axes, respectively). In contrast, 
assays of the same fractions from axes from fully dried, 20 or 50 DAP seed showed 
more than twice as many methionine residues per 100 residues. Cysteine content 
presented a different response pattern. Twenty and 50 DAP seed differed in initial 
content and in the response to boiling. In fresh, 20 DAP seed, the number of cysteine 
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residues per ICQ residues in the non-heat-denatured fraction was more than four times 
that of the total fraction (2.4 versus 0.55 residues per 100 residues). In fresh, 50 DAP 
seed, total and non-heat-denatured fractions were nearly the same. In fully dried, 20 
DAP seed, cysteine content was somewhat higher in non-heat-denatured than total 
protein fraction and in dried, 50 DAP seed, cysteine content of non-heat-denatured 
protein was twice that of total fraction. 
Discussion 
Drying rates and seed quality 
As reported in Chapter 2, in general, A632 and B73 differed substantially in their 
response to accumulation of temperature units during development in terms of moisture 
content loss. B73 attained a higher moisture content as early as 7 DAP and 
accumulated more GDD units per mass of water lost, effectively slowing its rate of 
moisture loss during natural maturation relative to A632 (see Table A 1). 
The higher mc of B73 at each harvest DAP suggests potentially different 
metabolic activity and/or capacity relative to A632. Thus, response to imposed drying 
may be expected to also differ based on physiological status. Further, inbred axis mc 
were maintained at different levels and differentially from whole seed, as well (see 
Chapter 2, Table 2). 
Rates of moisture loss within drying treatments were variable among 
developmental stages in both A632 and B73, increasing at 30 DAP relative to both 20 
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and 40 DAP. Among treatments, rates decreased with decreasing temperature and 
increasing humidity (see Chapter 2, Table 2). 
The impact of drying rates on viability and vigor, as reported in Chapter 2, imply 
acquisition of desiccation tolerance occurs along a continuum reliant upon conditions of 
drying. High viability and vigor were acquired gradually with development and reduced 
drying rates. Early compositional changes or initial accimiulation levels may contribute 
to viability under non-stress conditions of warm germination but more accumulation or 
additional factors may be required for better germination performance under stress. 
Evidence of this is seen in high, early warm germination values for B73 but poor cold 
germination relative to A632 (see Table A 2). Additionally, tolerance to high 
temperature drying may require capacity for still different compositional changes to 
resxilt in high seed q\iality. 
Sugar analysis 
Soluble sugar composition and percentage of dry mass overall were comparable 
to those found by Horbowicz and Obendorf (1996). Differences in composition by 
inbred and response to high temperature may be related to high temperature drying 
sensitivity observed in 373 in earlier work (Chen and Burris, 1990; Madden and Burris, 
1995). 
The greater total concentration of soluble carbohydrates in A632 relative to B73 
and steady increase in raffmose to sucrose ratio may be associated with higher seed 
quality in A632 earlier in development. A generally higher percent sucrose 
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concentratioii observed in B73 relative to A632 may contribute to the higher respiratory 
rates observed without necessarily improving seed quality. The contrasting effect of 
high temperature drying on raffinose content in the two genotypes remains puzzling. It 
may be that the lower overall soluble carbohydrate content in B73 reduces the 
effectiveness of the raffinose;sucrose relationship and role in stabilization. 
The availability of simple sugars for respiratory substrate in the first hours of 
imbibition may present limitations to activation of metabolic pathways (Abdul-Baki, 
1969; Mine and Inoue, 1994). The percent sucrose of total soluble sugar in 873 axes 
was higher than that of A632 and may therefore be a factor in the relatively high 
respiratory rates observed in some B73 axes (data presented in Chapter 2). 
Interestingly, 40 and 50 DAP axes had the lowest measured uptake rates except in the 
case of 20 DAP axes dried at 45°C, but were associated with highest seedling quality. 
Chen and Burris (1991) analyzed changes in soluble sugar content of maize axes 
harvested at various high moistures (550, 450 and 400 g HjO kg"' fw) and damaged by 
high temperature drying. They reported an increase in the raffinose to sucrose ratio in 
response to both natural maturation and preconditioning treatments that was significantly 
correlated with warm germination, conductivity, and sugar leakage. They went on to 
suggest the induced synthesis of raffinose may afford some protection to maturing seeds 
from high temperature drying damage. Our data is in agreement with those fmdings. 
In work with isolated 16 to 27 DAP maize embryos, Bocchichio et al., (1994) 
reported an increase in the raffinose to sucrose ratio in embryos dried slowly that could 
be correlated with acquisition of tolerance. In contrast, they detected no raffinose in 
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rapidly dried 25 to 27 DAP embryos that were also scored as desiccation tolerant using 
criteria of radicle rupture. This work highlights the need for discussion of what 
constitutes germination in relation to desiccation tolerance. Germination has been 
variously defined as radicle rupture, radicle rupture and protrusion, production of shoot 
tissue greater than two centimeters in length and production of normal seedlings, 
whereas competence of a seed to attain those various states may require very different 
levels of sustained integration of metabolic pathways. 
Brenac et ai, (1997) also suggested a relationship of raffinose and sucrose to the 
acquisition of desiccation tolerance in maize seed and isolated embryos. Sucrose was 
reported to accumulate independently of desiccation tolerance and raffinose was not 
required for germination of immature embryos, although desiccation tolerance was not 
observed in the absence of raffinose accumulation. Nonetheless, raffinose was 
associated with survival after drying. Further, they found that embryos dried slowly 
accumulated significantly more raffinose and acquired tolerance at an earlier 
developmental stage than did rapidly dried embryos. These results are consistent with 
our data. 
Protein analysis 
The higher proportion of non-heat-denatured to total soluble protein in fresh, 20 
DAP axes of A632 relative to B73 suggests induction earlier in development or a faster 
rate of synthesis in very young axes of A632. Earlier, higher concentrations of these 
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proteins may be associated with higher seed quality with respect to higher vigor and 
cold test germination seen in A632. 
The influence of methionine and cysteine composition of embryo protein on not 
only the quantity of label incorporated, but also quality of protein detected makes 
comparison to Coomassie-stained gels difficult. Amino acid composition of the water-
soluble, non-heat-denatured protein fraction from A632 was assayed to determine 
whether or not the reduced signal obtained later in maturation was a result of reduced 
methionine and cysteine content overdl in more mature axes (a dilution effect). 
Methionine and cysteine composition of the non-heat-denatured protein fraction was 
determined to be relatively stable or increased slightly during development. These 
results are consistent with the very slight increase noted in the proportion of non-heat-
denatured protein concentration to total soluble protein induced in response to drying 
treatments later in maturation (40 DAP). 
Accimiulation patterns of water-soluble, non-heat-denatured proteins in both 
inbreds in response to natural maturation and artificial drying treatments were consistent 
with reports from other maturation drying studies with maize (Peterson, 1993; Sanchez-
Martinez et al., 1986; Bochicchio et al., 1988) and soybean (Rosenberg and Rinne, 
1988; Blackman et al., 1991). 
Though exposure to high temperature drying did increase accumulation of 
specific bands, it was not possible from one-dimensional gels to determine possible 
differences that may have occurred in post-translational modifications related to 
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temperature treatments. Treatment temperature-specific bands on fluorograms were 
consistent with differential accumulation patterns on SDS-PAGE profiles. 
Sensitivity to drying treatments in terms of differential induction and expression 
was most marked in 20 DAP embryonic axes. The uiduction and accimiulation of 
specific proteins in response to high temperature drying shown in 20 DAP embryo axes 
may represent a heat shock response. The relationship of heat shock response and 
desiccation tolerance with seed quality may be possible, but has not been established. 
Greatest inducibility appears to be a feature primarily of less mature axes, in that 
less accumulation is observed in 30 and 40 DAP axes either during 48 hours of drying 
or in response to specific drying treatments. Synthesis detected by incorporation of 
labeled methionine and cysteine was predominantly in bands at 24 to 27 kDa for all 
treatments with some induction of bands at 66 kDa and less at 37 kDa. 
There was a striking similarity noted between bands at 24 to 27 kDa observed in 
this study and a set of maize embryo proteins characterized by Sanchez-Martinez et al., 
(1986) at 23 to 25 kDa. These proteins were not present in radiolabeled protein from 
fresh, 20 DAP embryos but could be induced by incubation with abscisic acid (ABA) 
and were synthesized in abimdance in later stage dry embryos (Goday et al., 1988; Pla 
et al., 1989). 
Synthesis and accumulation of water-soluble, non-heat denatured protein have 
been demonstrated in maturing embryos of many species of plants. Their appearance 
late in seed maturation, their response to ABA and other stresses, sequence homologies. 
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motifs and binding characteristics, suggest intriguing, specific roles in desiccation 
tolerance. 
Acquisition of desiccation tolerance may in part begin with a minimum level of 
accumulation of soluble carbohydrates and proteins that occurs early in maturation. 
With continued accumulation during maturation, seed quality, in terms of germinability 
and vigor, may improve as well. Genotypic differences in regulation of these pathways 
and in response to imposed drying treatments, including sensitivity to high temperature 
injury, may therefore be expressed in differences in seed quality. 
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Figure 1. SDS-PAGE gels of water soluble, non-heat-denatured protein from axes 
of A632 (A, B, C) and B73 (D, E, F) at 20, 30 or 40 DAP, respectively. Lane order 
is in hours of drying (0, 24 and 48 h) at 35°C, 45°C, Rm or HRH. Mol wt 
standards are noted. 
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Figure 2. Fluorograms of in vivo labelled water soluble, non-heat-denatured protein 
from embryos of A632 (A,B.C) and B73 (D, E, F) at 20, 30 or 40 DAP, 
respectively, incubated 4 h with [^'S]-methionine/cysteine after 0, 24 or 48 h drying 
at 35°C, 45°C, Rm or HRH. Mol wt standards are noted. 
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Figure 3. Fluorograms of in vivo labelled water soluble, non-heat-denatured protein 
from embryos of A632 (A-D) and B73 (D-G) dried at 35°C, 45°C, Rm or PIRH, 
respectively. Lane order is by days after pollination (20, 30, 40) and hours of 
drying (0. 24, 48). Mol wt standards are noted. 
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Table 1. Soluble sugar composition given by relative retention time and percent of total 
peak area in axes of A632 and B73 Iw developmental stage and drying temperature 
Developmental Stage 
20 DAP 30 DAP 40 DAP 50 DAP 
Inbred RT' 35''C 45°C 35°C 45''C 35''C 45''C 35''C 45°C 
(%) (%) (%) (%) (%) (%) (%) (%) 
A632 4.12 1.1 1.1 0.9 1.9 1.5 2.2 1.5 1.5 
4.36 0 0 0 0 0 0 0 0 
5.14 0 0 0 0 0 0 0 0 
(sue) 6.53 83 77.2 79 78 75 75.2 73.5 73 
6.7 0 3.5 0 0 0 0 0 0 
7.93 3.5 9.3 0 5.4 4.7 6.6 4.4 4.1 
8.29 0 0 2.5 1.2 1.1 1.5 1.3 1.3 
(raf) 9.23 Il.l 9 18.1 13 17.9 14.1 19.5 20 
12.68 1.8 0 0 0 0 0 0 0 
Total soluble carbohydrate 
mg g ' dw 197.4 153.1 216.7 214 220.3 189.3 212 187.9 
B73 4.12 0.8 I.l 0.5 1.1 0.4 0.5 0.4 0.4 
4.36 0 0 0 0 0.8 0.7 0.5 0.6 
5.14 0 0 0 0 0 0 0.4 0.3 
(sue) 6.53 87.5 78.1 85 80 82.7 73.5 84.5 79.5 
6.7 0 0.6 0 « 0 * 0 • 
7.93 2.9 12.2 2.6 5.2 3.1 3.1 6.7 4.9 
8.29 *2 « * « 1.1 1.1 « * 
(raf) 9.23 8.7 6.6 11.4 13.6 11.8 18.5 8.1 14.6 
12.68 0 0 0 0 0 3.3 0 0 
Total soluble carbohydrate 
mg g"' dw 156.4 161.3 197.2 163.1 169.2 157.6 182 169.3 
^ Retention times are approximate 
^ Shoulders on preceding peaks are visible but unidentified 
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CHAPTER 4. MORPHOLOGICAL AND PHYSIOLOGICAL CHANGES 
ASSOCIATED WITH DESICCATION IN MAIZE EMBRYOS 
A paper to be submitted to the Journal of Crop Science 
J.M. Peterson, J.S. Burns, and A.J. Perdomo 
Abstract 
The relationship of genotype, harvest maturity, drying temperature and 
preconditioning processes has been described. The objective of this study was to further 
investigate the effects of drying enviroimient, system geometry and harvest maturity in a 
susceptible genotype and relate that to subsequent seed quality and vigor. Hybrid maize 
of the seed parent, B73, by (H99xH95), as pollen parent, was grown in 1995 and 1996. 
Ears were harvested periodically, husked and dried on the ear (both years) or as hand-
shelled seed (1996) in thin-layer dryers at 25°, 35° or 45°C (TL25, TL35 or TL45), in 
the laboratory under ambient conditions (Rm25), in high relative humidity chambers 
(HRH), or (seed only) dried in a fluidized bed at 25° or 35°C (FB25, FB35) to 120 g 
HiO kg"' fresh weight (fw). Drying times varied from approximately 4 h in the 
fluidized bed to 65 to 72 h at 35° or 45°C to approximately 300 h at room temperature. 
High standard warm and cold germination scores were associated wtih reduced drying 
rates, regardless of the temperature of drying. Seedling dry weights (SDW) from warm 
germination tests were responsive to drying temperature while dry weights from 
seedlings produced in the cold test showed little difference except for those from the 
rapid drying treatment. In general, the root development was depressed more than shoot 
(S:R). Membrane integrity expressed as conductivity of leachate was similar for the 
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thin-layer and room-dried material in contrast to the rapid-dried material which 
exhibited a linear increase in conductivity with time. Electron microscopy showed 
marked differences in alignment of lipid bodies in the rapid drying treatments as 
compared to all others. Incomplete alignment may effect the rate of moisture loss from 
the seed during drying and, more importantly, cause failure of regulation of water 
uptake during imbibition, resulting in substantial leakage and reduced seed quality. 
Introduction 
In contrast to many other seed crops, hybrid maize is harvested at high moisture 
and must be dried artificially. The general concepts of reserve deposition, acquisition of 
desiccation tolerance, transition from developmental to germinative modes and 
membrane stabilization are well accepted (Bewley and Black, 1994). Modem hybrid 
maize seed production attempts to manage the later stages of maturation and to control 
the desiccation processes by artificial drying. The impact of genotype, harvest maturity, 
drying temperature and some preconditioning process has been described (Navratil and 
Burris, 1984; Herter and Burris, 1989; Chen and Burris, 1990). Until recently, the 
geometry of the drying process had not been examined as a treatment variable. High 
moisture seed are typically dried on the ear which limits the rate of water diffusion 
away from the seed surfaces adjacent to the embryo during the early part of the process. 
Although drying rate has been addressed in a limited way, this study proposed to further 
clarify the impact that dramatic modifications in drying environment have on 
physiological and ultrastructural changes in a susceptible genotype. We also 
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investigated the impact of drying rate and temperature on subsequent seed quality and 
vigor and suggest a histological explanation for these responses. 
Materials and Methods 
Plant materials 
Hybrid maize seed was produced at Iowa State University, Ames, lA, in 1995 
and 1996, using the inbred line B73 as the seed parent, and single cross (H99xH95) as 
the pollen parent. Random ear samples were harvested periodically with husk intact, to 
obtain ears with seed moisture contents ranging from 500 to 300 g HjO kg ' fw. Except 
where noted, ear samples in 1995 were brought into the laboratory, husked, and five to 
seven ears immediately placed in thin-layer dryers at 35° (TL35) or 45°C (TL45), 
mounted vertically on a nail bed (Rm25), or placed in high relative humidity chambers 
at >95% RH (HRH). In 1996, additional drying treatments included ear drying by TL 
at 25°C and seed carefiilly hand-shelled and dried in thin-layer dryers at 25°, 35° or 
45°C, or at room temperature. Seed was also dried in fluidized bed (FB) driers at 35° 
or 45°C in 1995, and 25° or 35°C in 1996 to 120 g HjO kg' fw, or held at HRH. 
Subsequentiy, shelled, dried seed was placed in paper bags and stored at 12°C and 50% 
RH until use. 
Seed quality 
Seed quality was measured by standard rolled towel warm germination (7 d at 
25°C) (AOSA, 1995) and soil free cold tests (Loeffler et al., 1985) carried out on lots 
95 
of 50 seeds per sample. Shoots and roots were removed from normal seedlings, 
weighed and dried (oven method, 105°C for 24 h) to obtain seedling dry weights and 
ratios of shoot to root tissue dry weights. Conductivity of leachate was measured on 25 
seeds per sample and measured with the Genesis-2000 Seed Analyzer (Wavefront Inc. 
Ann Arbor, MI) at 1, 4, 8, 12 and 24 h. All tests were replicated three times. 
Microscopy 
Transmission electron microscopy (TEM) was done on embryonic axes fixed in 
3% glutaraldehyde/3% paraformaldehyde in 0.1 M sodium cacodylate at pH 7.2 for 18 h 
at 4°C. Complete protocol is given in the Appendix. After rinsing, the samples were 
stained in 4% aqueous uranyl acetate, dehydrated, then embedded in Spurr's embedding 
medium (Spurr, 1969). Sections were examined and photographed with a JEOL 
1200EX STEM (Peabody, MA) and Kodak SO-163 fihn. 
Results 
Drying rates 
Drying rate is controlled by the environmental temperature, humidity and the 
geometry of the drying process, and is modified by the initial moisture and the 
genotype. The results presented in Figure 1 demonstrate the range of rates achieved by 
the various treatment combinations. The extremely rapid rates provided by the fluidized 
bed system clearly demonstrate the effect of increased surface area exposure. Even 
under the high humidity conditions of the HRH treatment, the removal of seeds from 
96 
the ear increases the rate of moisture loss. When humidity conditions are moderate 
(Rm25 or TL25), the drying rates are similar. This suggests that the rate of moisture 
removal from seed on the intact ear is not limited by difiusive resistance associated with 
air velocity. A dramatic increase in rate is associated with increasing temperature when 
the seed remains on the ear as shown by the relative rates of TL25, TL35 and TL45, 
respectively. Temperature has a much less pronounced impact when the seed are 
removed from the ear. By far, the most rapid rate is exhibited by the detached seed in 
the fluidized bed environment. 
Seed quality evaluation 
The drying treatments represented radical contrasts in temperature and rate and 
traditional measures of seed quality showed equally dramatic differences (Table I). The 
slow drying conditions of the Rm25 dried material showed a slight advantage to seed 
dried on the ear at harvest moistures above 500 g H^O kg"' fw. At harvest moisture 
levels above 400 g HiO kg"' fw, there was a consistent improvement in germination and 
vigor associated with drying at 35°C as compared to 25° or 45°C on the ear. The 
detached seed showed less sensitivity, indicating that the increase in drying rate 
associated with 35° versus 25°C can be substituted for by the removal of seed from the 
ear. The detrimental impact of the rapid drying imposed by the fluidized bed system is 
evident throughout all harvest moistures. The seedling dry weights from the warm 
germination tests exhibited a consistent advantage to drying on the ear. Whether this is 
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a response to translocated metabolites or changes in hormonal balance requires 
additional investigation. 
The cold test germination values showed a significant advantage to ear drying at 
harvest moistures of greater than 500 g H2O kg"' fw. This advantage persisted even as 
moisture decreased for samples at the higher drying temperature of 45 °C. At drying 
temperatures of 35°C or less, there was no improvement in cold test performance at 
moisture contents of 450 g HiO kg"' fw or less. This plateau in seed quality is reached 
prior to physiological maturity which is reached at about 350 to 370 g H2O kg"' fw 
harvest moisture. The fluidized bed system was the only treatment that resulted in a 
decrease m cold test performance when the seed was harvested at 400 g HjO kg"' fw. 
The seedling dry weights produced in the cold test reached a maximum at or below 440 
g HjO kg*' fw harvest moisture. At higher moisture levels, the differences between ear 
and seed drying treatments were specific to the drying temperature although, in general, 
ear drying was superior to that of excised seed. 
Membrane damage 
The characteristics of membrane leakage as measured by conductivity of leachate 
were found to be consistent with those reported earlier by this laboratory. The 
migration of lipid bodies to the plasmalemma during naturzd maturation or under 
reasonable rates of drying was complete and may have contributed to control of 
membrane damage. In contrast, the dramatic increases in solute leakage associated with 
the rapidly dried material reflected incomplete alignment of lipid bodies adjacent to the 
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cell wall and thereby poor control of solute retention. Such an increase in leakage is 
shown by the conductivity values given in Figure 2. 
Histology 
Early work in this laboratory reported the impact of high temperature drying on 
mitochondrial competence but did not address the effect of drying rate alone (Madden 
and Burris, 1995). Because the harvest me was relatively low, the mitochondria did not 
appear to be damaged by drying rate. In the present study, mitochondria in the rapidly 
dried seed shown in Figure 3 were abundant and their outer membranes appeared to be 
intact. The most striking histological difference evident in the rapidly dried seed is the 
lack of lipid body migration to the cell wall. Lipid body migration in seed harvested at 
either 450 or 300 g HjO kg"' fw was complete as long as it was dried in any system 
other than the fluidized bed (data not shown). If the harvest moisture content was 300 g 
HjO kg'" fw or less, the lipid body migration was complete and the rapid drying 
treatment had no effect. However, at the higher harvest moisture level, the lack of lipid 
body migration in response to drying was clearly evident and was associated with 
substantially increased leakage from the imbibing seed. The mitochondria did not 
exhibit damage by any drying treatment as long as the temperature did not exceed 40°C 
(micrographs not shown). Micrographs of fresh samples demonstrating natural field 
maturation drying are presented in the Appendix as Figure A 1. The contribution of the 
lipid bodies to moisture regiilation during drying and imbibition remains under 
investigation in this laboratory. 
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Discussion 
Work in this laboratory has focused on understanding maturation and the drying 
of maize seed. Intact maize seed acquires desiccation tolerance very soon after 
fertilization and attempts to describe the days after pollination required to acquire 
desiccation tolerance are only legitimate in the context of the conditiotis the seed is 
exposed to after being removed from the parent plant. In addition to the classical 
desiccation response, we have reporte • the gradual acquisition of tolerance to high 
temperature drying with natural maturation or in response to artificial drying conditions 
which include temperatures of less than 40°C and humidities of less than 75%. Until 
recently it was not possible to separate the effect of high temperature drying from 
drying rate. High temperature would appear to impact the competency of the conserved 
mitochondria and to a lesser extent impact membrane integrity. Rapid drying rates 
would appear to prevent the migration of the lipid bodies to the cell wall which we 
speculate precludes the regulation of cellular drying rates which the aligned lipid bodies 
may provide. Further, the contribution that the aligned lipid bodies may provide to the 
regulation of water uptake during imbibition is eliminated. Perdomo (1995) showed 
incomplete alignment of lipid bodies associated with reduced seed quality. Rapid 
drying, if it occurs at a safe temperature and moisture content, does not result in damage 
to the mitochondria and the rapid rate of water uptake associated with the rapidly dried 
seed may actually accelerate the activation of the mitochondria. It should be noted that 
the rates of drying used in the rapid treatment are not possible if the seed remains on 
the cob during the drying process. The contribution of seed/ear geometry to the 
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regulation of drying rate needs to be considered when discussing the impact of harvest 
moisture, drying temperature and rate on subsequent seed quality. 
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Figure 1. Drying rates of B73 X (H99XH95) harvested at 520 g H2O kg ' 
fw as affected by drying treatment, temperature and geometry of tissue. 
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Figure 2. Electrical conductivity of B73 hybrid harvested at 520 g HjO kg ' 
and dried at 35»C (•), 45''C (•), Rm (+), or FB35 (A) (1995). 
Figure 3. The impact of harvest moisture and drying rate on cytological differences 
in maize embryo axis root meristem tissue following drying at: A) hmc of 450 g 
HiO kg"' fw, dried at Rm25; B) hmc of 450 g HjO kg"' fw, dried at 45°C in a 
fluidized bed; C) hmc of 300 g HjO kg"' fw%, dried at Rm25; D) hmc of 300 g HiO 
kg"' fw, dried at 45°C in a fluidized bed. Bar equals 1 |xm. 

Table 1. Influence of harvest maturity and drying treatment on seed quality in B73 hybrid. 
Warm Germination Cold Germination 
Har hmc rrt/Temp Sample Drying Rate Germ SDW S:R Germ SDW S;R 
CC) (hrs pt ') (%) (mg) (%) (mg) 
Rm 25 seed 1.9 92 36 1.85 92 38 2.08 
ear 5.0 98 37 2.35 99 45 1.83 
TL 25 seed 1.4 88 29 2.11 87 32 2.23 
ear 7.5 84 36 2.64 95 28 1.78 
TL35 seed 1.3 71 26 2.57 73 27 2.64 
ear 2.7 93 33 2.52 98 38 2.01 
TL45 seed 1.1 17 18 3.02 12 11 2.58 
ear 1.8 83 21 3.50 87 21 3.20 
FB 25 seed 0.3 , , , 0 , 
FB35 seed 
. . . 
Rm 25 seed 2.9 95 39 1.55 98 45 1.72 
ear 6.9 100 41 1.93 100 44 1.82 
TL 25 seed 1.7 95 37 2.07 93 42 1.82 
ear 4.8 100 28 1.37 99 30 1.79 
TL35 seed 1.5 97 33 2.15 97 40 1.94 
ear 2.2 99 44 1.65 99 50 1.46 
TL45 seed 1.3 61 20 3.37 37 20 2.24 
ear 1.8 89 18 1.44 97 30 2.60 
FB 25 seed 0.4 3 14 3.00 0 
FB35 seed 0,4 15 18 2.80 0 
• • 
Rm 25 seed 3.2 100 47 1.42 100 59 1.42 
ear 7.7 99 45 1.53 100 55 1.41 
520 
490 
440 
Table 1. (continued) 
TL 25 seed 
ear 
TL 35 seed 
ear 
TL 45 seed 
ear 
FB 25 seed 
FB 35 seed 
4 400 Rm 25 seed 
ear 
TL 25 seed 
ear 
TL 35 seed 
ear 
TL 45 seed 
ear 
FB 25 seed 
FB 35 seed 
2.1 99 40 1.36 99 50 1.48 
5.3 83 44 1.54 100 54 1.50 
1,6 100 23 1.09 97 45 1.68 
2.9 99 46 1.54 100 59 1.4 
1.5 94 26 2.10 88 36 2.05 
1.8 83 33 2.04 95 40 1.93 
0.5 3 15 2.70 1 26 1.60 
0.5 20 21 2.88 1 30 2.33 
3.2 98 54 1.46 100 60 1.53 
59 100 52 1.47 100 59 1.43 
2.1 95 46 1.65 100 62 1.46 
5.9 100 74 1.63 100 57 1.44 
1.6 91 46 i.76 100 56 1.62 
3,1 96 52 1.56 100 61 1.39 
1.6 100 48 1.74 97 50 1.79 
2,1 99 42 2.11 99 56 1.68 
0,5 57 15 2.76 55 25 2.44 
0,5 72 17 2.74 66 24 2.80 
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CHAPTER 5. GENERAL CONCLUSIONS 
The capacity of seed to alter their biochemical composition in response to 
desiccation, survive in the dry state and subsequently germinate is a meastire of the 
acquisition of desiccation tolerance. That capacity is determined by genotype, 
developmental stage, the drying environment and interactions of those factors. We have 
demonstrated the gradual acquisition of desiccation tolerance in maize lines differing in 
their response to the drying environments imposed during seed development. Changes 
in the composition of soluble carbohydrates and synthetic capacity of non-heat-
denatured proteins of embryonic tissue associated with these treatments indicated a 
greater soluble carbohydrate dry mass per gram dry mass tissue and an increasing ratio 
of raffinose to sucrose content during development in the tolerant inbred. Non-heat-
denatured protems in the tolerant inbred represented a higher proportion of the total 
water soluble protein early in development and were more inducible in the first 48 hours 
of imposed drying than in the sensitive inbred. These differences have been associated 
with measures of improved membrane integrity, respiratory competence and increased 
seed viability and vigor. 
In addition, high temperature (45°C) drying provided insights into the underlying 
sensitivity with respect to changes in soluble carbohydrate composition and protein 
synthetic capacity. Total soluble carbohydrate content was reduced in both inbreds and 
a variable raffinose to sucrose relationship was found in the sensitive inbred suggesting 
altered or impaired enzymatic activity. Those changes were associated reduced seed 
vigor relative to the tolerant inbred under stressful germination conditions even though 
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viability was unchanged. Induction of unique proteins in response to high temperature 
drying in both inbreds suggests a specific response that may or may not contribute to 
seed quality. That seed quality was reduced in response to high temperature drying in 
both inbreds until late in development makes the regulation and function of those unique 
proteins of interest. 
Environmental interaction with genotype was observed in terms of accumulated 
temperature units and irradiance energy by the maternal plant in the production field and 
the differing physiological status of seed at specific days after pollination. The 
differential response by genotype to environmental conditions in terms of physiological 
status and response to an imposed drying treatment and subsequent germinability makes 
their specific contributions to desiccation tolerance difficult to assess. The development 
of genetically related lines selected for differential response to drying would be a useful 
approach to that problem. 
Processes of repair as a component of desiccation tolerance have not been 
addressed but may contribute to the germinability observed. 
Drying-induced compositional changes have been characterized in a number of 
species but current understanding of their interaction and role in membrane and 
cytosolic stabilization is yet limited. Areas of investigation needed include development 
of assays for LEA family protein function, mcluding "solvating" and water binding; 
elucidating the role of LEA protein phosphorylation in late stage maturation and its 
relation to signal transduction; and clarifying the relationship of ABA and water stress 
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and their independent and/or coordinate regulatory roles in transcriptional activation 
during seed development. 
The presence of sucrose alone or in combination with oligosaccharides in 
cytoplasmic glass formation and/or mteraction with membrane phospholipid head groups 
is often reported. However, other polyhydroxyl molecules have recently been identified 
that may function in place of the commonly found trisaccharides, raffinose, stachyose or 
verbascose. Reports of the presence of LEA proteins or LEA-like proteins and/or 
quantities of sucrose in seeds lacking desiccation tolerance make a case for further 
investigation into the role of these macromolecules in tolerance mechanisms, including 
temporal, spatial and quantitative considerations. 
The defining state of 'desiccation tolerance' being germinability poses several 
concerns as well. What constitutes germination? Radicle rupture, radicle rupture and 
extension greater than 2 mm, production of a root and shoot, or production of a normal 
seedling? And does 'genninable' imply germinability within two days of drying? two 
months? or two years? Understanding of desiccation tolerance will benefit firom well-
defined parameters. 
Ultimately, identification of processes or components responsible for tolerance to 
desiccation and that may be used to detect or confer tolerance to other tissues will be of 
great interest for many applications. 
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APPENDIX 
I l l  
Table A 1. GDD unit accumulation, irradiance and HMC of A632 and B73 in 1995 
and 1996. 
Year Inbred PItg PoU Pltg-PoU Hai DAP PoU-Har Pltg-Har HMC Irradiance 
Date Date GDD Date GDD GDD (thousands) 
g HiO kgr' fw Wm'-' 
1995 A632 5/1 7/27 1488 8/6 10 267 1730 837 55.9 
5/1 7/27 1488 8/16 20 508 1996 654 105.4 
5/1 7/28 1513 8/27 30 722 2235 433 158.2 
5/1 7/27 1488 9/4 40 982 2470 368 206.5 
5/1 7/28 1513 9/21 55 1169 2682 235 257.4 
B73 5/13 8/2 1556 8/12 10 270 1826 845 55.2 
5/13 8/2 1556 8/23 20 510 2066 640 102.5 
5/13 8/2 1556 9/2 30 755 2311 506 157.8 
5/1 7/28 1513 9/6 40 980 2493 423 202.4 
5/13 8/2 1556 9/21 50 1074 2610 354 228.6 
1996 A632 5/6 7/30 1504 8/7 8 175 1679 895 45.0 
5/6 7/30 1504 8/9 10 220 1724 864 57.8 
5/6 7/29 1488 8/13 15 317 1805 821 81.9 
5/6 7/30 1504 8/19 20 412 1916 716 100.4 
5/6 7/30 1504 8/29 30 614 2118 536 145.4 
5/6 7/30 1504 9/8 40 821 2325 414 188.9 
5/6 7/30 1504 9/18 50 928 2432 319 230.5 
5/6 7/29 1488 10/2 64 1064 2552 253 273.6 
B73 5/6 8/6 1652 8/11 5 115 1767 901 31.2 
5/6 8/6 1652 8/13 7 153 1805 898 43.2 
5/6 8/6 1652 8/16 10 208 1860 868 59.0 
5/6 8/6 1652 8/18 12 242 1894 838 65.2 
5/6 8/6 1652 8/21 15 310 1962 799 77.1 
5/6 8/6 1652 8/26 20 410 2062 707 100.3 
5/6 8/6 1652 9/6 30 630 2282 552 149.3 
5/6 8/6 1652 9/15 40 752 2404 460 187.0 
5/6 8/6 1652 9/25 50 843 2495 431 215.5 
5/6 8/6 1652 10/2 57 900 2552 365 239.8 
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Table A 2. Seed quality estimates by developmental stage and drying temperature for 
A632 and B73 (1995). 
Wann Genmnation Cold Gennination 
Inbred DAP HMC Tit/Temp Germ' Germ' SDW S;R Germ' Germ' SDW S;R 
g HiO kg ' fw "C (%) (%) (mg) (%) (%) (mg) 
A632 20 654 TL35 89.3 89.3 23 3.97 58.7 69.3 29 4.90 
TL45 0 0 
. . 
0 0 
• 
30 430 TL35 98.7 98.7 42 1.90 94.7 94.7 45 2.40 
TL45 81.3 85.3 26 2.67 32 58.7 25 2.83 
40 370 TL35 97.3 97.3 48 2.07 94.7 97.3 54 2.20 
TL45 94.7 97.3 40 2.13 32 32 38 2.30 
50 235 TL35 98.7 98.7 65 1.63 100 100 67 1.53 
TL45 98.7 98.7 57 1.7 94.7 94.7 60 1.97 
B73 20 640 TL35 57.3 88 18 3.57 29.3 86.7 20 4.07 
TL45 0 0 
• 
0 0 
30 500 TL35 100 100 47 1.73 97.3 97.3 54 1.80 
TL45 63.7 86.7 17 3.37 13 23 18 5.60 
40 420 TL35 100 100 52 1.60 98.7 98.7 63 1.47 
TL45 100 100 36 2.07 96 100 37 2.07 
50 354 TL35 98.7 98.7 52 1.57 100 100 65 1.53 
TL45 94.7 100 46 1.77 97.3 97.3 60 1.60 
' Gennination evaluated by AOSA rules 
^ Evaluation criteria not including "short shoot" as abnormal 
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Table A 3. Seed quality estimates by developmental stage, drying treatment and temperature 
forA632andB73 (1996). 
Warm Germination Cotd Germination 
Inbred DAP HMC Trt/Temp Germ' Germ^ SDW S:R Germ' Genn^ SDW S;R 
g H2O kg ' fw CQ (%) (%) (mg) {%) {%) (mg) 
A632 15 820 Rm25 13.3 13.3 8 8.95 21.3 24.7 9 8.69 
TL35 0 0 . 0 0 
TL45 0 0 
. 
0 0 
20 720 Rm25 68 69 16 3.97 73.3 75 22 5.15 
TL35 65.3 65.3 15 4.60 83.3 88 17 5.13 
TL45 0 0 
• 
0 0 
30 535 Rm25 98.7 98.7 30 1.83 98 98 45 2.22 
TL35 96.7 96.7 26 1.64 82 89.3 31 1.99 
TL45 62.7 62.7 15 2.21 67.3 69.3 22 2.62 
40 414 Rm25 99.3 99.3 35 1.4 94.7 97.3 58 1.78 
TL35 98 98 33 1.37 89.3 89 50 1.54 
TL45 96.7 97.3 26 1.57 79.3 82.7 31 1.56 
50 320 Rm25 97.3 97.3 35 1.2 100 100 61 1.72 
TL35 97.3 98.3 33 1.23 98.7 99.3 58 1.70 
TL45 97.3 97.3 33 1.27 78 78 46 1.67 
B73 15 800 Rm25 14.7 14.7 11 7.80 20 34.7 11 9.84 
TL35 0 0 5.3 9 5 13.83 
TL45 0 0 0 0 
20 707 Rm25 86.7 86.7 15 6.09 96 96.7 20 5.25 
TL35 58 70 14 6.04 66.7 72 17 7.08 
TL45 0 0 0 0 
30 552 Rm25 97.3 98 29 2.34 98.7 99.3 43 2.18 
TL35 94 97 28 2.05 99.3 99 39 2.35 
TL45 8.7 63.7 17 3.14 10 14.7 10 2.53 
40 460 Rm25 99.3 99.3 39 1.59 99.3 99.3 55 1.74 
TL35 98 98 40 1.51 100 100 60 1.60 
TL45 84 93 22 2.12 81.3 83 34 2.41 
50 432 Rm25 99.3 99.3 45 1.57 100 100 67 1.58 
TL35 99.3 99.3 41 1.39 99.3 99 63 1.49 
TL45 96.7 98 32 1.67 84 84 53 1.94 
^ Germination evaluated by AOSA rules 
^ Evaluation criteria not including "short shoot" as abnormal 
Table A 4. Correlation analysis of seed quality estimates and conductivity measurements across 
A632 and B73 (199S). Given are Pearson correlation coefficient, probability > |R| and n. 
CndGin 4 li 81) 12 h 24 h 8h-4h I2h-8h 24li-12h 24h-4h 
WinGerm' 0.84202 -0.85588 -0.86017 -0.88187 -0.89418 -0.7871 -0.88544 -0.85967 -0.89825 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0003 0,0001 0.0001 0.0001 
16 16 16 16 16 16 16 16 16 
WinGerm^ 0.73726 -0.76588 -0.7886 -0.81376 -0.82471 -0.77873 0.84551 -0.79123 -0.85519 
0.0011 0.0005 0.0003 0.0001 0.0001 0.0004 0.0001 0.0003 0.0001 
16 16 16 16 16 16 16 16 16 
CdGerm' 0.98035 -0.75942 -0.74763 -0.76566 -0.79111 -0.6369 -0.76442 -0.82024 -0.79221 
0.0001 0.0006 0.0009 0.0005 0.0003 0.0008 0.0006 0.0001 0.0003 
16 16 16 16 16 16 16 16 16 
CdGerm^ 0.87993 -0.64659 -0.64723 -0.67339 -0.69567 -0.58435 -0.72732 -0.72091 -0.72077 
0.0001 0.0068 0.0067 0.0042 0.0028 0.0174 0.0014 0.0016 0.0016 
16 16 16 16 16 16 16 16 16 
WSDW 0.77615 -0.80765 -0.77117 -0.79984 -0.80249 -0.50387 -0.73592 -0.67686 -0.73724 
0.0011 0.0005 0.0012 0.0006 0.0006 0.0662 0,0027 0.0078 0.0026 
14 14 14 14 14 14 14 14 14 
WSR -0.67904 0.86428 0.86396 0.85825 0.85795 0.69195 0.56254 0.71128 0.78708 
0.0076 0.0001 0.0001 0.0001 0.0001 0.0061 0.0362 0.0043 0.0008 
14 14 14 14 14 14 14 14 14 
CSDW 0.84311 -0.74311 -0.72255 -0.74944 -0.77459 -0.51492 -0.68969 -0.74216 -0.76056 
0.0002 0.0023 0.0035 0.002 0.0011 0.0595 0,0063 0.0024 0.0016 
14 14 14 14 14 14 14 14 14 
CSR -0.64567 0.78371 0.7715 0.76086 0.76302 0.5804 0.46399 0.64211 0.67976 
0.0126 0.0009 0.0012 0.0016 0.0015 0.0295 0.0947 0.0133 0.0075 
14 14 14 14 14 14 14 14 14 
CndGni -0.74218 -0.73331 -0.75563 -0.78746 -0.63287 -0.7786 -0.84309 -0.80418 
0.001 0.0012 0.0007 0.0003 0.0085 0.0004 0.0001 0.0002 
16 16 16 16 16 16 16 16 
' Germination evaluated by AOSA rules 
^ Evaluation criteria not including "short shoot" as abnormal 
Table A S. Correlation analysis of seed quality estimates and conductivity measurements across A632 and B73 
(1996). Given are Pearson correlation coefficient, probability > |R| and n. 
CndOm Ih 4h 8h 12h 24h 4h-lh 8h-4h 12h-8h 24h-12h 24h-lh 
WmGcrm' 0.97072 -0.87179 -0.86218 -0.85359 -0.84839 -0.84888 -0.84375 -0.80534 -0.7795 -0.83232 -0.83239 
0.0001 0.001 0.0001 0.0001 0.001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
36 36 36 36 36 36 36 36 36 36 36 
WmGerm' 0.95148 -0.91562 -0.90232 -0.89261 -0.8875 -0.88902 -0.88023 -0,83989 -0.81793 -0.87629 -0.87085 
0.0001 0.001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
36 36 36 36 36 36 36 36 36 36 36 
CdOerm' 0.96253 -0.84637 -0.84371 -0.83808 -0.83454 -0.83725 -0.83148 -0.79947 -0.77857 -0.83113 -0.82565 
0.000 J 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
36 36 36 36 36 36 36 36 36 36 36 
CdGcrm' 0.92451 -0,84272 -0.8438 -0.83955 -0.83748 -0.84199 -0.80763 -0.78082 -0.76972 -0.81739 -0.80717 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
36 36 30 36 36 36 36 36 36 36 36 
WSDW 0.74045 -0.73491 -0.7465 -0.75494 -0.75812 -0.74683 -0.75585 -0.76614 •0.77349 •0.64141 -0.74944 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
30 30 30 30 30 30 30 30 30 30 30 
WSR -0.6624 0.95001 0.94789 0.95286 0,95172 0.93787 0.94009 0,93927 0.90642 0.80703 0.92656 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0,0001 0.0001 0.0001 0.0001 
30 30 30 30 30 30 30 30 30 30 30 
CSDW 0.78492 -0.74014 -0.73958 -0.73655 -0.73591 -0.73139 -0.73057 -0,6971 -0.71317 -0.67053 -0.72105 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
31 31 31 31 31 31 31 31 31 31 31 
CSR -0.73889 0.96307 0.96822 0.97303 0.97173 0.96163 0.96229 0.95429 0.93666 0.85904 0.95259 
0.0001 0.0001 0.0001 0.0001 0,001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
31 31 31 31 31 31 31 31 31 31 31 
CndGm -0.84283 -0.83965 -0,83217 -0.82997 -0.83679 -0.82702 -0.78792 . -0.7842 -0.84949 -0.82625 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
36 36 36 36 36 36 36 36 36 36 
' Germination evaluated by AOSA rules 
^ Evaluation criteria not including "short shoot" as abnormal 
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Fixation procedures for Transmi.ssion Electron Microscopy as described in Chapter 4. 
1. 3% PA/3% GA/1 mM CaClj in 0.05 M phosphate buffer, pH 7.2 for 2 h at 4°C 
2. Change to fresh fixative and continue to fix for 12 h at 4°C 
3. Rinse three times with phosphate buffer, 15 min each, on rotator 
4. Double-fix with 1% Osmium tetroxide in 0.05 M phosphate buffer for 24 h at 4°C 
5. Repeat Step 3 
6. Stain-fix with 7% aqueous uranyl acetate for 24 h at 4°C 
7. Rinse with dd HiO 3 X 15 min, on rotator 
8. Start dehydration process with 25% ETOH, for 1 h, on rotator 
9. 50%; 1 h 
10. 70%; 1 h 
11. 95%; 2 h 
12. 100 (3 X for 2 h each) 
13. 1:3 acetone/100% ETOH for 12 h 
14. 1:1 acetone/100% ETOH for 12 h 
15. 3:1 acetone/100% ETOH for 12 h 
16. Pure acetone (3 X for 8 h each) 
17. 3:1 Spurrs/acetone for 12 h 
18. 1:1 Spurrs/acetone for 12 h 
19. 1:3 Spurrs/acetone for 12 h 
20. Pure Spurrs for 12 h 
21. Three changes of pure Spurrs for 12 h each 
22. Cast for 24-35 h at 70°C 
23. Section in ultramicrotome 
24. Double-stain with lead citrate and aqueous uranyl magnesium for 20 min each 
Figure A L Natural field maUiratioa drying demonstrated in root meristem sections 
of maize embryo axis tissue harvested at hmc of: A) 500 g HjO kg"' fw, bar = 1 
(im; B) 450 g HjO kg'' fw, bar = 500 nm; C) 400 g HjO kg"' fw, bar = 500 nm; D) 
350 g HjO kg*' fw, bar = 500 nm; E) 300 g HiO kg"' iw, bar = 500 nm. I = lipid 
body; cw = cell wall; s = starch body; m = mitochondria; p = protein body. 
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